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FOREWORD 


This  report  was  prepared  by  The  Dow  Chemical  Company  under 
USAF  Contract  NOo  AP  33(6l6) -7251.  This  contract  was  Initiated 
under  Project  No.  73^0,  "Non -Metallic  and  Composite  Materials", 

Task  No.  734oo4,  "New  Organic  and  Inorganic  Polymers".  The  work 
was  administered  under  the  direction  of  the  Directorate  of 
Materials  and  Processes,  Aeronautical  Systems  Division,  with  Mr. 

G.  A.  Loughran  acting  as  project  engineer. 

This  report  covers  work  conducted  from  March  I962  to 
December  1962. 

This  report  was  prepared  by  Dr,  Harry  A.  Smith,  Project 
Director.'  The  laboratory  work  was  conducted  by  Dr.  Harry  A.  Smith, 
Carl  E,  Handlovlts,  William  K.  Carrington  and  James  B.  Louch. 

The  administrator  of  the  contract  Is  Dr.  W.  R.  Nummy,  Director 
of  the  Polymer  Research  Laboratory. 


ABSTRACT 


The  Investigation  of  phenylene  sulfide  polymers  has  been 
divided  Into  seven  areas  of  endeavor. ■  These  are  monomer  synthesis, 
polymerization  studies,  large  scale  preparations,  physical  prop¬ 
erties  of  the  linear  polymer,  chemical  properties  of- the  polymer, 
cfossllnklng  studies,  and  applications.  With  Improvements  In  - 
the  monomer  synthesis  and  polymerization,  one  pound  batches  of 
polymer  can  be  readily  made.  Once  made,  the  polymer  has  a  degree 
of  polymerization  In  excess  of  TOO  and  Is  Inert  to  air  up  to 
300°C.  It  can  be  chemically  crossllnked  to  Improve  Its  stability 
at  400°C  In  air  or  heat  treated  to  not  only  Improve  Its  thermal 
and  oxidative  stability  at  400°C  but  to  Improve  Its  properties 
as  well.  The  polymer  can  form  fibers  from  the  melt  and  be  used 
In  coatings  and  laminates.  However,  Its  most  thoroughly  Inves¬ 
tigated  property  Is  Its  adherence.  .Bond  strengths  up  to  2700 
psl  have  been  obtained  on  17-7  stainless  steel.  It  also  adheres 
well  to  glass  and  aluminum. 

This  technical  documentary  report  has  been  reviewed  and 
Is  approved. 


WILLIAM  E.  GIBBS 
Acting  Chief,  Polymer  Branch 
Nonmetalllc  Materials  Laboratory 
Directorate'  of  Materials  and  Processes 
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I .  INTRODUCTION 


■  The  purpose  of  this  work  Is  to  obtain  a  useful  plastic 
material  which  Is  thermally  stable.  The  Initial  work  on  phenylene 
sulfide  polymers  was  done  by  Dr.  A.  D.,  Macallum  of  London^,  Ontario. 
He  discovered  that  this' polymer  could  be  prepared  by  the  sequence 
of  reactions  shown  below. 


Cl 


•Cl  +  S  -4-  Na 2C 0 3 


^  +  NaCl  +  CO2 

+  Na2S04  +  Na2S203 


Macallum  Polymerization 


Since  Dow  makes  p-dlchlorobenzene  and  the  other  two  starting 
materials  are  Inexpensive,  the  patents  for  this  work  were  pur-  - 
chased  from  Dr.  Macallum  by  The  Dow  Chemical  Company  In  195^* 
Subsequent  studies  were  carried  on  In  the  Plastics  Department 
Research  Laboratories. 

It  soon  became  apparent  that  the  Macallum  polymerization 
would  be  a  difficult  reaction  to  control  since  the  yields  and 
the  polymer  properties  were  very  unpredictable.  In  addition  the 
polymeric  material  obtained  was  somewhat  branched  and/or  lightly 
crossllnked,  and  containing  a  portion  which  was  an  Insoluble, 
Infusible  highly  crossllnked  material.  Consequently,  It'  v/as 
decided  to  prepare  a  more  readily  characterlzable  polymer  namely 
a  linear  polymer  from  the  condensation  polymerization  of  such 
species  as  p-halothlophenoxldes . 

Through  the  data  obtained  from  a  kinetic  study  of  model 
reactions,  polymerization  studies,  and  monomer  synthesis  It  was 
possible  to  determine  the  monomer  most  likely  to  result  In  high 
molecular  weight  linear  phenylene  sulfide  polymer.  This  monomer 
was  cuprous  p-bromothlophenoxlde .  Further  work  on  this  monomer  has 
shown  that  de'grees  of  polymerization,  based  on  melt  viscosity  and 
end  group  analysis,  of  100-200  can  be  obtained  by  solid  state  or 
solution  polymerization.  The  polymer  Is  stable  In  air  or  nitrogen 
to  4oO-450°C  and  has  useful  polymeric  properties.  In  addition, 
a  thermal  treatment  can  convert  It  to  a  more  stable  species  hav¬ 
ing  decidedly  Improved  properties. 


Manuscript  released  December  31^  19^2  for ■ publication  as  an  ASD 
Technical  Documentary  Report. 
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II.  RESULTS  AND  DISCUSSION 


In  the  course  of  the  Investigation  to  prepare  linear 
phenylene  sulfide  polymers,  seven  different  aspects  of  the  problem 
were  studied.  These  were;  (l)  monomer  synthesis,  (2)  polymer- 
'Ization  studies,  (3)  large  scale  preparations,  (4)  physical  prop¬ 
erties  of  the  polymer,  (5)  chemical  properties,  (6)  cross linking, 
and  (7)  applications. 


Monomer  Synthesis  ^ 

The  monomer  synthesis  is  a  two  step  process  starting  from 
thlophenol .  The  first  step  Involves  reaction  of  thiophenol  with 
bromine  to  give  bis- (p-bromophenyl)  disulfide  as  shown  in 
figure  1. 


2  /~VsH  + 


Bra  ^  — ^  O-s-s-0  +  2HBr 

+  2Br2 - )  Br  ^  ^S  -S  ^r  +  2HBr 

Figure  1.  Synthesis  of  Bis-(p-bromophenyl)  Disulfide 


Since  the  reaction  is  carried  out  in  the  absence  of  solvent,  the 
product  is  obtained  as  a  solid  Cake.  To  avoid  formation  of  a 
cake  so  as  to  facilitate  recovery  of  the  bis -(p-bromophenyl ) 
disulfide,  several  solvents  have  been  used  to  carry  out  the 
bromlnatlon  reaction  such  as  water,  methylene  chloride,  and  carbon 
tetrachloride.  In  each  case  low  yields  of  Impure  material 
resulted.  Consequently  it  was  decided  to  use  agitation  only  to 
prevent  formation  of  the  solid  cake. 

The  second  step  in  the  synthesis  of  the  monomer,  cuprous 
p-bromothlophenoxlde,  is  the  reaction  of  the  disulfide  obtained 
in  the  first  step  with  copper  dust.  Several  variables  associated 
with  this  reaction  have  been  Investigated.  One  of  these  was  the 
effect  of  the  type  of  copper  dust  used.  The  results  of  this 
study  are  presented  in  Table  I.  Comparing  runs  made  under 
similar  conditions  it  can  be  seen  that  there  is  little  difference 
between  electrolytic  dust,  surface  activated  electrolytic  dust, 
and  freshly  prepared  copper  dust.  There  are, however,  appreciable 
differences  between  these  materials  and  hydrogen  purified 
electrolytic  dust  and  electrolytic  powder.  In  the  case  of  the 
hydrogen  purified  material  residual  hydrogen  is  probably  the 
cause  of  the  observed  results.  Hydrogen  present  would  reduce  the 
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TABLE  I 


The  Effect  of  Type  of  Copper  Dust 
on  the  Monomer  Synthesis 


Run 

Copper  Dust 

Time 
( hrs.) 

Temperature 

(°c) 

%  Excess 
Disulfide 

Conver¬ 

sion 

1 

3, 

Freshly  Prepared 

96.0 

119 

10 

96.8 

2 

3 

Freshly  Prepared 

22.5 

119 

50 

99.0 

3 

Freshly  Prepared 

68.0 

78 

10 

-^40.0 

4 

Electrolytic  Dust 
(Hydrogen  reduced) 

360.0 

119 

10 

45.0 

5 

Electrolytic  Dust 

22.5 

119 

50 

93.5 

6 

Electrolytic  Dust 

96.0 

78 

10 

^30.0 

7 

Electrolytic  Dust^^^ 
(Surface  activated) 

26.5 

119 

50 

91.7 

8 

Electrolytic  Dust*^ 
(Surface  activated) 

25.5 

119 

50 

90.5 

9 

Electrolytic  Powder 

168.0 

119 

50 

37.2 

a.  Made  from  Copper  Sulfate  by  Zinc -Acid  Reduction. 

b.  Shaken  with  steel  balls  -  35  minutes. 

c .  Average  of  two  runs . 

d.  Shaken  with  steel  balls  -  90  minutes. 
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bis-(p^-bromophenyl)  disulfide  to  p_-brDmothlophenol  rendering  it 
Incapable  of  reaction  with  copper  metal  and  thereby  resulting 
in  low  conversions.  In  the  case  of  the  electrolytic  powder,  the 
particle  size  Is  the  culprit.  Photomicrographs  Indicate  that  the 
electrolytic  dust  has  particle  sizes  of  2-10^  while  the  powder 
Is  20-50 ju.  .  This  larger  size  drastically  reduces  the  surface 
area  of  the  material  which  thereby  reduces  the  reaction  rate  as 
observed. 

‘  A  second  variable  studied  In  the  copper  disulfide  reaction 
was  the  effect  of  solvent.  The  results  of  these  Investigations 
are  depicted  In  Table  II.  Prom  the  results  It  can  be  seen  that 
solvent ; polarity  seems  to  favor  the  use  of  n-alkyl  alcohols. 

This  Is  Indicated  by  the  higher  melting  points,  higher  yields  and 
the  brighter  yellow  color  obtained  for  monomers  made  In  these 
solvents  as  compared  to  those  from  other  solvents.  In  addition, 
the  reaction  Is  somewhat  faster  in  alcohols,  the  lower  boiling 
n-butyl  alcohol  producing  essentially  the  same  yield  of  monomer 
In  the  same  time  as  the  higher  boiling  hydrocarbon  and  glycol. 
Amines  and  halogenated  allphatlcs  are  apparently  undesirable  due 
to  reaction  of  the  solvent  with  the  reagents. 

Another  variable  considered  was  pyridine  catalysis.  These 
results  are  listed  In  Table  III-.  Prom  runs  3-5  and  6-8  It  can 
be  seen  that  once  pyridine  Is  present  it  exerts  only  a  small 
concentration  dependent  rate  enhancement  effect.  A  much  larger 
effect  Is  shown  In  runs  7  and  8  where  the  difference  Is  the 
presence  and  absence  of  pyridine.  Runs  1  and  2  indicate  some¬ 
what  anomalous  results,  but  these  may  be  due  to  some  side 
reactions  which  would  result  In  the  low  melting  points  observed. 

In  addition  to  the  above  investigations,  the  effects  of 
changes  In  the  reaction  conditions  were  also  studied.  One  of 
these  was  the  effect  of  temperature.  Table  IV  shows  the  results 
for  this  variable.  The  data  indicate  that  temperatures  between 
8o°  and  170°C  can  be  used  successfully  to  prepare  monomer  If 
pyridine  or  lutldlne  are  not  used  as  solvents. ^  Above  170°C  the 
monomer  will  polymerize  to  low  molecular  weight  polymer  as  shown 
by  the  n-octyl  alcohol  reaction  and  by  prolonged  reaction  In 
n-heptyl  alcohol.  This  latter  fact  may  be  of  some  use  If  an 
attempt  Is  made  to  produce  polymer  from  monomer  formed  In  situ. 
Between  8o°  and  170°C  the  reaction  rate  for  monomer  production 
Increases  with  Increasing  temperature.  The  reaction  In  n-amyl 
alcohol,  however,  appears  to  be  slower  than  the  trend  of  “reaction 
rates  should  Indicate.  This  Is  due  to  the  lower  concentration 
of  bis -(p-bromophenyl) disulfide  used  In  this  reaction  compared 
to  the  other  reactions.  The  toluene  reaction  appears  to  be 
faster  than  the  trend  would  Indicate.  This  Is  due  to  the  high 
pyridine  concentration  used  In  this  reaction. 
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TABLE  II 


Effect  of  Solvent  on  Monomer  Preparation 


Reaction  Conditions  Monomer 


Solvent 

Time 
(hrs . ) 

Temperature 

{°C) 

M.P. 

(‘^c) 

Yield 

{%) 

Color 

Ethanol 

68-96 

78 

-.>30-40 

Yellow 

Benzene 

72 

79 

— 

0.0 

m-Xylene 

144 

130 

274.5-275 

96.8 

Bright 

Yellow 

Ethylene 

Glycol 

144 

130 

272 

82.8 

Greenish 

Yellow 

n -Butyl 
Alcohol 

18-144 

119 

277.5-278 

95-100 

Bright 

Yellow 

n-Amyl 

Alcohol 

82 

139 

277-277.5 

93.6 

Bright 

Yellow 

Ethanol 

Amine 

192 

139 

Reacts 

1,1, 2, 2 

Tetrachloro-  24 
ethane 

147 

Reacts 

TABLE  III 


Effect 

of  Pyridine 

on  Monomer 

Synthesis 

Run 

Mole  Ratio 

Pyridine./ 

Disulfide 

Excess 

Disulfide 

W 

Reaction 
Time 
(hrs . ) 

Yield 

(^) 

M.P. 

(°C) 

1 

1.00 

10 

168 

97.2 

259  -  263 

2 

0.94 

10 

120 

97.2 

254  -  257 

3 

0.91 

10 

96 

99.8 

274.5-275 

4 

0.18 

10 

120 

86.6 

277.5-278 

5 

0.013 

10 

216 

100.0 

277.5-278 

6 

1.00 

50 

23 

99.0 

- 

7 

0.32 

50 

24 

99.0 

- 

8 

0.00 

50 

236 

100.0 
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TABLE  IV 


The  Effect  of  Temperature  on 
Monomer  Synthesis 


Solvent 

Reaction 
Temp . 

rc) 

Reaction 
Time 
(hrs . ) 

Pyridine/ 

Disulfide 

Excess 

Disulfide 

W 

Yield 

m 

M.P. 

(°o) 

Benzene 

79 

72 

1.00 

10  ' 

0 

n -Propyl 
Alcohol 

95 

184 

1.00 

50 

97.0 

278-278.5 

Toluene 

110 

21 

4.00 

0 

100.0 

274-275 

n -Butyl 
Alcohol 

115 

23 

1,00 

50 

99.0 

277-278 

n-Amyl 

Alcohol 

138-139 

80 

1.00 

10 

93.6 

277-278 

n -Hexyl 
Alcohol 

150-153 

5 

1.00 

50 

97.0 

275-276 

n-Heptyl 

Alcohol 

165-170 

5 

1.00 

50 

94.0 

274-275 

n-Heptyl 

Alcohol 

172-152 

.96 

0.00 

50 

Some 

polymer 

n-Octyl 

Alcohol 

192-203 

144 

0.00 

50 

Polymerized 
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-Since  cleavage  of  disulfide  bonds  can  be  light  activated, 
the  effect  of  light  on  the  reaction  rate  was  studied.  This  was 
of  Interest  also  because  It  was  suspected  that  the  ultraviolet 
radiation  In  sunlight  had  catalyzed  the  reaction  on  several 
occasions.  Therefore  several  reactions  were  run  under  Irradi¬ 
ation  by  a  G.E.,  UA-2,  photochemical  lamp.  The  results  of  these 
experiments  are  listed  In  Table  V.  As  In  Table  IV  a  temperature 
effect  Is  shown  by  the  difference  In  the  reaction  rate  when  using 
benzene  and  chlorobenzene  as  solvents.  The  biggest  difference, 
however.  Is  that  between  Irradiated  and  non -Irradiated  chloro¬ 
benzene  reactions  which  show  a  three -fold  rate  enhancement  with 
light.  Ultraviolet  light  does  appear  to  catalyze  the  reaction. 

Another  reaction  condition  variable  studied  was  the 
bis -(p-bromophenyl )  disulfide  concentration. 

As  shown  In  Table  IIIj  runs  1,  4,  6,  and  use  of  a  50^ 
excess  of  bis -(p-bromophenyl)  disulfide  can  drastically  reduce 
reaction  time  from  5-7  days  to  one  day  or  less.  The  excess 
bis -(p-bromophenyl)  disulfide  used  can  be  recovered  on  work  up 
of  the"  reactlbn  and  subsequently  be  reused.  This  procedure 
has  reduced  substantially  the  time  needed  to  prepare  polymer 
from  the  original  reagents,  thlophenol  and  bromine. 

In  a  further  attempt  to  reduce  the  polymer  preparation 
time  ah  attempt  was  made  to  prepare  monomer  from  bis -(p-bromo- 
phenyl)  disulfide  made  In  situ  and  not  Isolated.  This  would 
eliminate  the  remaining  bottleneck  In  the  polymer  process,  the 
bls-(p-bromophenyl )  disulfide  purification.  The  preparation 
of  the  above  disulfide  was  carried  out  In  the  usual  manner  using 
carbon  tetrachloride  as  the  solvent.  However,  Instead  of  Iso¬ 
lating  the  material  It  was  washed  with  sodium  bisulfite  while 
still  In  solution.  Then,  n-butyl  alcohol  was  added  and  the  carbon 
tetrachloride  stripped  off.  To  the  resulting  solution  the  copper 
dust  was  added  and  the  monomer  preparation  reaction  carried  out 
as  usual.  This  procedure  resulted  In  a  94^  yield  of  monomer 
melting  somewhat  low  at  268 ,5-269 .0°C .  Therefore,  with  some 
further  effort  on  this  reaction  sequence  It  might  be  developed 
Into  an  acceptable  procedure  for  monomer  preparation. 


Polymerization  Studies 

Several  of  the  variables  effecting  polymerization  have 
been  Investigated.  One  of  the  factors  studied  was  the  effect  of 
air  on  the  polymerization.  The  purpose  of  this  study  was  to 
determine  If  air  was  deleterious  to  the  polymerization  and  more 
specifically  was  It  responsible  for  the  formation  of  bls- 
( p_-bromophenyl )  disulfide  observed  In  some  of  the  polymerizations 
To"  ascertain  this  Information  two  sets  of  experiments  were  made. 
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TABLE  V 


Effect  of  Light  on  Monomer  Preparation 


Time  to  Complete  Reaction 


Solvent -Temperature 
(°C) 

Benzene  79 

Chlorobenzene  132 

n-Butyl  Alcohol  119 


No  Light 

No  Reaction 

6  days 

3  days 

6  days 

2  days 

6  days 

Reacts 

Light 

(35—^0^  completion) 
(25^  completion) 


9 


One,  Table  VI,  was  a  series  of  polymerizations  for  9  days  at 
200°C  In  the  presence  of  varying  amounts  of  air.  ,  The  second. 

Table  VII,  was  three  24  hour  polymerizations  under  oxygen,  air, 
and  argon . 

From  the  data  In  Table  VI  the  actual  amount  of  air  present 
seems  to  have  little  correlation  with  the  results  observed. 

The  data  In  Table  VII  was  obtained  to  answer  the  question 
about  bls-(p_-bromophenyl )  disulfide  formation.  As  the  table 
Indicates,  none  of  this  disulfide  was  found.  Therefore,  oxygen 
or  air  Is  not  the  cause  of  Its  occurrence.  Oxygen,  however,  does 
appear  to  accelerate  polymerization,  but  In  addition.  It  appears 
to  Interact  with  the  polymer  as  Indicated  by  the  change  In  the 
color  of  the  reaction  mixture.  The  bis -(p-bromophenyl) disulfide, 
then.  Is  probably  produced  by  air  oxidation  of  residual  monomer 
after  opening  of  the  reaction  bombs.  In  other  words.  It  Indicates 
an  Incomplete  reaction  due  to  Insufficient  reaction  time. 

In  some  of  the  polymerizations,  evidence  of  crossllnked 
polymer  was  found.  One  source  for  this  crosslinking  would  be  a 
polybromlnated  monomer.  This  material  cpuld  be  formed  as  a 
result  of  excess  bromine  being  used  In  the  preparation  of  bls- 
(p-bromophenyl )  disulfide.  Therefore,  some  disulfide  was  prepared 
using  only  an  equivalent  amount  of  bromine .  However,  polymer¬ 
ization  of  monomer  from  this  source  resulted  In  a  low  yield  of 
poor  quality  polymer.  ■  Apparently',  either  an  equivalent  amount 
of  bromine  Is  not  sufficient  to  produce  bis -(p-bromophenyl ) 
disulfide  or  else  some  polybromlnated  monomer  Is  needed  to  get 
high  molecular  weight  or  to  act  as  polymerization  Initiators. 

Temperature  was  another  polymerization  variable  which 
was  Investigated.  The  results  of  polymerizations  at  varying 
temperatures  are  presented  In  Table  VIII.  As  the  data  Indicate 
300°C  Is  too  high  a  temperature  for  polymerization.  Temperatures 
from  200°  to  250°C  are  satisfactory  with  the  best  results  being 
obtained  at  200°C  as  Indicated  by  the  color,  yield,  and  espe¬ 
cially  the  melt  viscosity.  It  Is  conceivable  that  temperatures 
below  200° C  would  result  In  even  better  properties,  however,  the 
reaction  time  would  be  extremely  long. 

:  During  the  course  of  scaling  up  the  polymerization  reaction 
It  was  found  that  the  larger  the  quantity  of  monomer  used  the 
longer  the  reaction  time  became  to  give  melt  viscosities  over 
1000  poises.  It  was  believed  that  since  the  bombs  were  not 
agitated  that  the  above  result  could  be  due  to  poor  heat  transfer 
In  the  polymer.  This  would  cause  the  central  portions  of  the 
polymer  mass  to  take  longer  to  reach  reaction  temperature  and 
thus  slow  down  the  overall  reaction  as  observed.  To  verify  this 
hypothesis,  four  reactions  were  carried  out  In  capped  Iodine 


TABLE  VI 


Effect  of  Air  During  Polymerization 
on  Polymer  Properties 


Sample 

Total 
Pressure 
(mm  Hg) 

Air 

Pressure 
(mm  Hg) 

Polymer 
Yield  . 

M.P. 

(°c) 

7303 

(poises) 

y  rel 

1 

5  X  10"^ 

5  X  10“^ 

- 

275-277 

^  65 

2 

760 

_4 

1  X  10 

64 

280-286 

136 

1.149 

3 

10"^ 

10 

48 

279-283 

^4o 

- 

4 

0.15 

0.15 

55.6 

279-283 

50 

1.123 

5 

1 

1 

32.6 

280-283 

^50 

1.144 

6 

50 

50 

24.6 

279-283 

^50 

1.130 

7 

760 

760 

86.0 

283 -286 

44o 

1.169 

8 

760 

760 

62.5 

280-288 

+4 

3.2  X  10^^ 

1.169 

¥1' 


TABLE  VII 


The  Effect  of  Oxygen  Concentration 
on  the  Polymerization  Reaction 


Run 

Oxygen 

(^) 

Reaction 

Mixture 

Color 

Disulfide 

Yield 

(fo) 

Remarks 

I 

100 

White 

0 

Mostly  polymer 

2 

20 

Pale  Yellow 

0 

Some  polymer 

3 

0 

Yellow 

0 

Mostly  monomer 
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TABLE  VIII 


Effect  of  Polymerization  Temperature  on 
Polymer  Properties^ 


Temperature 

{°C) 

Time 
( Days ) 

Yield 

ifo) 

M.P. 

(°c) 

Color 

7303 

(poises ) 

200 

6 

80-90 

285-289 

Light 

1 .0  X  10^-  8.0  X 

10^ 

Grey 

225 

6 

78 

283-293 

Grey 

250 

6 

80-90 

284-287 

Grey  to 

1.0  X  10^-  6 .0  X 

10^ 

Brown 

300 

6 

18*> 

240-245 

Black 

— 

a .  Diphenyl 

Ether 

Soluble 

Polymers . 

b.  Low  yield  due  to  large  quantity  of  Insolubles. 
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flasks  containing  an  argon  atmosphere  In  an  oven  at  200°Co 
Iodine  flasks  were  used  since  It  would  allow  small  runs  to  be 
spread  out  In  the  flask  bottom  in  a  thin  layer.  Thus,  heat  trans¬ 
fer  would  not  be  a  problem  In  these  cases .  The  reaction  mixtures 
were  loaded  In  the  flasks  under  an  argon  atmosphere  In  a  dry  box. 
The  data  obtained  are  shown  In  Table  IX.  In  general  the  results 
are  poor.  , In  all  cases  the  reaction  mixtures  turned  brown  during 
the  reaction  period.  Both  of  these  results  suggest  the  presence 
of  an  Impurity  which  was  probably  Introduced  from  the  dry  box 
atmosphere  (naphthalene  or  phosphoric  acid  vapor  from  the  drying 
agents).  However,  the  experiment  did  give  the  desired  Information 
since  the  six  gram  runs  lost  their  bright  yellow  monomer  color 
In  2-3  days  whereas  the  98  gram  reaction  took  about  a  week.  The 
larger  reaction  mixture  had  one  advantage  over  the  other  runs  In 
that  Its  lower  surface  area  per  gram  and  smaller  gas  space  reduced 
the  amount  of  contamination  that  It  suffered  from  the  dry  box 
atmosphere.  This  would  result  In  a  higher  melting  point  as 
observed. 

A  short  cursory  Investigation  of  possible  light  catalysis 
of  polymerization  was  made.  Irradiation  of  monomer  with  ultra¬ 
violet  light  for  six  days  In  refluxing  chlorobenzene  produced 
no  polymer.  This  was  the  result  of  either  to  low  of  a  reaction 
temperature  or  the  lack  of  catalysis  by  ultraviolet  light. 
Furthermore,  no  difference  has  been  noted  between  reaction  times 
of  monomer  polymerized  In  the  dark  and  that  exposed  to  light. 
Therefore,  light  does  not  appear'  to  be  an  Important  factor  In 
polymerization. 

In  an  effort  to  Improve  the  ease  of  carrying  out  the 
polymerization,  an  experiment  was  conducted  whereby  monomer  was 
polymerized  In  a  petrl  dish  In  a  vacuum  oven  at  200°C  under  an 
argon  atmosphere.  Polymerization  time  was  20  days.  The  polymer 
was  obtained  In  a  100^  yield  and  having  the  following  properties . 

M.P.  281-285°C 

DPO  Solubles  69^ 

7303  1.1  X  10^ 

Other  than  the  high  quantity  of  diphenyl  ether  Insolubles  this 
material  Is  very  much  like  polymer  produced  In  the  usual  manner. 
This  technique  Is  being  pursued  further. 

In  addition  to  studies  on  the  polymerization  Itself  some 
investigations  on  the  polymer  isolation  and  purification  processes 
were  also  carried  out. 


TABLE  IX 


Iodine  Flask  Polymerizations 


Monomer  Charge 
(gms) 

Reaction  Time 
(days ) 

Yield 

(^) 

M.P. 

(°C) 

6.2 

.  5 

4l.l 

200-235 

:-6.1 

9 

43  o4 

235-246 

6.2 

9 

49.3 

218-238 

98.3 

9 

48.4 

260-273 

15 


One  type  of  extraction  process  used  for  polymer  isolation 
and  purification  is  diphenyl  ether  extraction.  In  this  process 
the  crude  polymer  mixture  is  boiled  in  diphenyl  ether.  The 
"linear"  polymer  present  dissolves  leaving  the  Insoluble  cross- 
linked  polymer  and  cuprous  bromide  behind  as  a  residue  after  fil¬ 
tration.  The  soluble  polymer  is  then  precipitated  by  pouring  the 
hot  solution  with  stirring  Into  methanol  or  acetone.  It.  was  found 
in  this  process  that  a  trace  of  acid  preferably  hydrochloric  acid 
aided  in  the  filtration  of  precipitated  polymer  by  enhancing  coag¬ 
ulation  of  the  polymer  particles.  In  addition  It  was  found  to  be 
undesirable  to  precipitate  the  polymer  by  cooling  in  diphenyl 
ether  since  this  produced  a  polymer  containing  occluded  diphenyl 
ether  which  could  not  be  removed  by  drying  for  48  hours  at.  158°C 
and  10  mm  of  mercury.  The  boiling  point  of  diphenyl  ether  is 
120®C  so  that  free  solvent  should  have  been  removed  under  the 
drying  conditions . 

In  an  effort  to  obtain  a  more  facile  work  up  procedure, 
extraction  with  concentrated  ammonium  hydroxide  and  later  con¬ 
centrated  hydrochloric  acid  were  investigated.  Both  reagents 
were  used  to  extract  cuprous  bromide  from  the  crude  polymer 
product.  If  successful, ■ a  cuprous  bromide  free  mixture  of  linear 
and  possibly  crossllnked  polymer  would  remain.  .  Since  both  of 
these  reagents  were  used  to  accomplish  the  same  purpose  a  com¬ 
parative  investigation  of  their  ability  to  extract  cuprous 
bromide  was  made.  These  results  are  expressed  in  figure  2.  As 
it  can  be  seen,  cuprous  bromide  dissolves  very  rapidly  in  concen¬ 
trated  hydrochloric  acid,  15  grams  dissolving  in  100  ml  in  5  ■ 
minutes  or  less.  In  concentrated  ammonium  hydroxide,  even  with 
300  ml,  solution  of  15  grams  takes  over  15  minutes.  Consequently 
the  cuprous  bromide  can  be  removed  from  the  polymer  much  more 
quickly  by  concentrated  hydrochloric  acid  extraction.  In  addition 
the  solubility  of  cuprous  bromide  in  the  two  reagents,  30.5  gms/ 
100  ml  In  concentrated  hydrochloric  acid  and  14.7  gms/100  ml  In 
concentrated  ammonium  hydroxide,  favors  the  use  of  hydrochloric 
acid  also. 

Of  further  Interest  In  figure  2  are  the  results  with  the 
monomer,  cuprous  p-bromothlophenoxlde .  This  material  is  almost 
Insoluble  In  concentrated  ammonium  hydroxide  but  dissolves  and/or 
reacts  quite  rapidly  in  concentrated  hydrochloric  acid  (l5  grams 
In  about  20-25  minutes ) .  This  Is  a  further  advantage  in  the  use 
of.  hydrochloric  acid  since  monomer  removal  from  the  polymer  will 
result  In  a  higher  average  molecular  weight. 

Since  there  was  some  question  about  the  acid  resistance 
of  the  polymer,  a  sample  of  polymer  was  stirred  for.  one  hour  In 
concentrated  hydrochloric  add.  This  material  showed  no  signif¬ 
icant  change  In  any  of  Its  properties.  Stirring  another  polymer 
sample  In  concentrated  hydrochloric  acid  for  one  hour  followed 
by  heating  at  60-70°C  for  one  hour  and  then  repeating  produced 
essentially  no  change  In  the  properties  of  the  polymer  either. 
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TIME  (MIN.) 


FIG.  2 

RATE  OF  SOLUTION  OF  CuBr  AND  CuS^Br  ] 
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It  was  found  recently  that  It  was  possible  to  analyze  a 
polymer  sample  In  such  a  way  that  inorganic  copper  and  bromine 
could  be  distinguished  from  their  organic  counterparts .  This 
would  be  desirable  from  the  standpoint  of  knowing  when  hydrochloric 
acid  or  ammonium  hydroxide  extraction  was  sufficient.  The  method 
used  for  analysis  by  the  analytical  laboratory  was  extraction  of 
polymer -cuprous  bromide  mixture  by  concentrated  ammonium  hydroxide 
followed  by  analysis  of  both  extract  and  residue  for  copper  and 
bromide.  However,  this  technique  did  not  result  In  complete 
removal  of  the  cuprous  bromide  from  the  samples  studied.  In 
addition  comparison  of  the  results  with  the  known  mixtures  showed 
that  removal  of  some  of  the  copper  end  groups  must  have  Occurred 
also.  Therefore)  this  method  would  be  unable  to  give  exact 
results  but  could  Indicate  that  the  level  of  cuprous  bromide  pres¬ 
ent  In  a  sample'  Is  less  than  1^.  Perhaps  better  results,  at  least 
from  the  standpoint  of  bromine  analysis,  could  be  obtained  using 
the  hydrochloric  acid  extraction  mentioned  above  since  it  should 
result . in  more  complete  removal  of  cuprous  bromide. 


Large  Scale  Polymer  Preparation 

In  general  few  problems  have  been  encountered  In  scaling 
up  the  preparation  process.  ,The  procedures  used  have  been 
essentially  as  previously  reported  in  WADD  TR  61-139  and  ASD-TDR- 

62-322.  ' 

About  35  pounds  of  bis -(p-bromophenyl)  disulfide  have  been 
prepared  In  5-6  pound  batches  in  the  usual  way2.  Once  purified 
this  has  been  converted  to  monomer  in  about  three  pound  batches3. 
Reaction  times  were  about  three  days.  No  difficulty  was  encoun¬ 
tered  In  the  scale  up  of  these  two  reactions. 

The  first  problem  encountered  In  the  scale  up  arose  In  the 
purification  of  bis -( p-bromophenyl )  disulfide  because  of  the  large 
quantity  of' solvent  required  on  this  scale  of  preparation.  .In 
addition  the  recrystalllzatlon  solvent  used,  absolute  ethanol, 
had  a  low  flash  point  which  Introduced  a  serious  safety  hazard  In 
this  large  an  operation.  Both  problems  have  been  alleviated  by 
a  change  to  100-l40°C  Skelly  Solvent.  This  material  has  a  much 
higher  flash  point  and  only  requires  15-I6  liters  of  solvent 
for  two  recrystallizations  of  about  3  pounds  of  bis -(p-bromophenyl) 
disulfide  with  an  85-95^  recovery  of  purified  material.  Ethanol 
would  require  30-35  liters  for  the  same  amount  of  bis -(p-bromo¬ 
phenyl)  disulfide  with  at  best  a  70-8o^  recovery  of  purified 
material . 

Another  materials  handling  problem  arose  In  the  polymer 
Isolation  and  purification  step.  If  a  diphenyl  ether  soluble 
material  free  of  any  cuprous  bromide  was  desired,  20-30  gallons 


of  diphenyl  ether  and  6g-90  gallons  of  methanol  would  be  required 
for  one  pound  of  polymer.  In  addition  the  best  procedure  requires 
pouring  a  diphenyl  ether  solution  at  225-250°C  Into  cold  methanol 
(B.P.  65°C)  . 

A  somewhat  better  procedure  Is  extraction  of  the  cuprous 
bromide  from  the  polymer  with  concentrated  ammonium  hydroxide . 

This  requires  only  8--10  gallons  of  solvent  to  remove  cuprous 
bromide  to  about  a  1-2^  level.  In  addition  the  polymer  unlike 
diphenyl  ether  soluble  material  may  contain  partially  crossllnked 
polymer. 

A  still  better  technique  as  far  as  materials  handling, 
time  required,  and  efficiency  of  operation  Is  concerned.  Is  con¬ 
centrated  hydrochloric  acid  extraction  of  the  cuprous  bromide 
from  the  polymer.  As  the  previous  discussion  under  polymerization 
studies  has  Indicated  this  technique  could  reduce  the  quantity  of 
solvent  required  to  3-5  gallons  per  pound  of  polymer  and  at  the 
same  time  could  allow  the  extraction  time  to  be  reduced  to  one 
third  (Figure  2).  This  technique  reduces  the  residual  cuprous 
bromide  level  to  0. 5=2.0^  after  1-2  extractions.  Again  the 
polymer  may  contain  partially  crossllnked  material. 

Of  the  three  methods  only  the  diphenyl  ether  technique 
gives  cuprous  bromide  free  polymer  at  the  present  time.  The  other 
two  methods  are  preferable  from  a  materials  handling  and  safety 
point  of  view  and  theoretically  should  be  capable  of  producing 
cuprous  bromide  free' polymer  also.  With  our  present  analytical 
techniques  as  a  check  on  removal  of  cuprous  bromide  a  closer 
approach  to  this  theoretical  possibility  should  be  achievable. 
Therefore,  a  facile  workup  procedure  to  obtain  cuprous  bromide 
free  polymer  Is  possible  using  the  cuprous  bromide  extraction 
procedures  coupled  with  analysis. 

In  the  scale  up  of  the  polymerization  reaction  two  alter¬ 
natives  presented  themselves.  One  was  a  large  scale  solution 
reaction  and  the  second  a  melt  reaction.  The  results  of  the  first 
attempts  at  the  scaling  up  of  these  reactions  are  given  In  ASD- 
TDR-62-322,  p.  25,  31^  and  32,  A  further  attempt  to  carry  out 
a  large  scale  solution  reaction  has  been  made  since  then.  This 
resulted  In  essentially  the  same  type  of  product  as  the  two 
previous  solution  polymerization  experiments.  In  other  words  a 
low  molecular  weight  polymer  was  obtained,  and  as  before  the 
glass  bomb  liner  had  broken  probably  during  assembly  of  the  bomb. 

Much  better  results  were  obtained  with  the  solid  state 
polymerizations.  This  data  Is  presented  In  Table  X.  Yields  and 
polymer  properties  are  fairly  consistent  over  the  whole  series 
of  runs .  A  few  Interesting  points  should  be  discussed,  however. 
Most  of  the  melt  viscosities  listed  are  for  diphenyl  ether  soluble 


19 


rH 

CO 

OJ 

00 

w 

LO 

b — 

iH 

VO 

VO 

0- 

OJ 

VO 

VO 

crv 

o 

1 

1 

(U 

D-- 

l>- 

CTi 

OJ 

00 

a\ 

GO 

o^ 

cr^ 

o^ 

O 

rH 

rH 

iH 

1 

> 

u 

rH 

1 — 1 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

tH 

CM 

OJ 

OJ 

CM 

1 

N 

• 

rH 

e 

rH 

0 

rH 

o 

rH 

e 

rH 

e 

iH 

e 

rH 

o 

rH 

c 

rH 

• 

rH 

e 

rH 

« 

rH 

• 

rH 

e 

iH 

« 

iH 

1 

1 

-C! 

"d 

oo 

d 

d 

d 

d 

d 

d 

d 

d 

-=t 

O  CD 

oo 

OJ 

oo 

oo 

oo 

oo 

OJ 

CM 

=t 

■=t  -=t 

■=t  - 

=1" 

0  m 

O 

rH 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

■  o 

o 

o 

o 

PO  0) 

1 — 1 

.  rH 

rH 

rH 

tH 

rH 

rH 

H 

iH 

iH 

rH 

rH 

rH 

rH 

iH 

iH 

o  ra 

CY-)-H 

X! 

X 

w 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

O 

OJ 

•=t 

i>- 

oo 

o\ 

o 

oo 

s- 

o\ 

rH 

LA 

o 

o 

m 

00 

00 

00 

1 — 1 

rH 

rH 

oo 

OJ 

iH 

rH 

iH 

oo 

CM 

VO 

VO 

oo 

-=J" 

P 

•H 

rH  . 

O 

o 

VO 

o 

o 

VO 

O 

o 

0 

o 

• 

e 

• 

P-i 

t — 1 

rH 

H" 

fH 

o 

CM 

fi  OS-- 

00 

00 

E- 

00 

t— 

VO 

1 — 1 

O 

CQ 

CO 

C 

O 

•H 

o 

o 

oo 

00 

LA 

— 

■P 

ov 

OV 

00 

00 

00 

00 

cd 

«  ^ — s 

CM 

CM 

OJ 

CM 

CM 

CM 

N 

CM  O 

1 

1 

J 

1 

1 

1 

•H 

9  0 

o 

o 

o 

lA 

o 

CM 

Ph 

s— 

00 

00 

00 

00 

00 

00 

(D 

CM 

^  CM 

OJ 

CM 

CM 

CM 

|x| 

S 

rH 

o 

a 

O 

d 

0) 

PQ 

P-i 

1 — 1  — 

O 

o 

o 

O 

o 

OV 

< 

o 

o 

o 

O 

VO 

00 

Eh 

<D 

•H  — 

rH 

H 

1 — 1 

P 

1 — 1 

>H 

«5 

O 

CO 

OJ 

Ph 

(D 

cs 

bO 

P 

Ph 

cd^ 

O 

o 

o 

o 

o 

o 

cd 

Ph  O 

O 

o 

o 

o 

o 

o 

i-:i 

0)  0 
a—: 
s 
os 

OJ 

OJ 

CM 

OJ 

CM 

CM 

Eh 

cu  ra 

a  >5 

cr\ 

CA 

(A 

■=t- 

cr\ 

•H  cd 

1 — I 

1 — 1 

CD 

bO 

Ph 

cd  — 

Cd 

cd 

Cd 

cd 

p 

p 

jC  ra 

o 

o 

o 

LA 

o 

o 

C5  S 

• 

o 

e 

• 

• 

• 

bO 

VO 

VO 

LA 

00 

CJV 

o\ 

o 

o 

CM 

00 

rH 

rH 

B 

1 — 1 

1 — 1 

(H 

oo 

oo 

o 

pq 

pJl 

1  ' — ^ 

CM 

oo 

J=t 

LA 

VO 

PC 


CM 

CM 

o 

00 

CM 

00 

VO 

iH 

iH 

iH 

VO 

‘=t 

VO 

LA 

00 

00 

CA 

00 

00 

GO 

VO 

D — 

t - 

LA 

00 

00 

LA 

GO 

00 

CO 

00 

00 

CO 

00 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

• 

1 

1 

1 

1 

1 

1 

Ph 

CM 

CM 

LA 

OO 

LA 

LA 

tH 

(D 

GO 

00 

CO 

00 

00 

00 

00 

S 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

tH 
•  0  O 
PH  a 
Pcd 
bOH  CD 

00 

OO 

VO 

O 

O 

O 

O 

00 

OD 

o\ 

O 

O 

O 

O 

•H  Ph  d 

H 

rH 

rH 

iH 

barge  we 
ble  mate 
the  cru 

O 

O 

O 

O 

o 

o 

o 

o  ps  a 

O 

O 

O 

O 

o 

o 

o 

r-H  ‘H 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

a  o 
o  ra  d 

0 

'^Ph  PS 
OOCD  o 

P 

K!  CD  CO 
•H  cd 

■=i- 

■=t 

O 

LA 

VO 

1 — 1 

H  l5 

iH 

iH 

1 — 1 

CM 

CM 

CM 

CM 

•  d  |>i 

CD  Hd  ■ 

Ph  •  CD  CD  i 

CD  CD  HP 

P  Ph  l>5a  „ 
a  CD  H  Ph 
CO  p  Hdffl 

0  acd  ^ 

p 

p 

cd 

cd 

cd 

cd 

Cd 

S  CQ  o  S  CO 

o 

o 

o 

o 

O 

o 

o 

P  O  H  OW 

• 

• 

• 

• 

• 

o 

• 

Cd  S  P  Ph^ 

<ov 

o> 

o 

o 

o 

o 

LA 

P  CDP  Ph 

rH 

1 — 1 

CM 

CM 

CM 

CM 

CM 

d  Cd  Ph  pq 

oo 

oo 

OO 

OO 

OO 

OO 

OO, 

O  Ocd 
bO  Ph  OP'^ 
Ph  H  p  cd  O 
<  <  EhPH- 

E- 

00 

o\ 

O 

I — 1 

CM 

OO 

iH 

rH 

iH 

iH 

cd  p  od  CD 

20 


material.  In  some  of  the  runs,  runs  1  and  3^  melt  viscosities  of 
the  ammonium  hydroxide  extracted  materials  were  obtained  which 
were  100-1000  times  greater  than  those  listed.  This  was  undoubt¬ 
edly  due  to  either  the  presence  of  crossllnked  polymer  or  both 
crossllnked  polymer  and  occluded  cuprous  bromide.  However,  It 
should  be  noted  In  runs  6-10  that  there  Is  essentially  no  differ¬ 
ence  between  the  melt  viscosities  of  the  ammonium  hydroxide  or 
hydrochloric  acid  extracted  polymer  and  the  diphenyl  ether  soluble 
polymer.  Consequently,  these  polymers  must  contain  very  little 
if  any  crossllnked  polymer  or  occluded  cuprous  bromide  after 
extraction  by  the  ammonium  hydroxide  or  hydrochloric  add.  Run  13 
was  Interesting  In  that  the  hydrochloric  acid  extracted  polymer 
appeared  to  crosslink  and  gel  atdhe  polymer  melting  point  unlike 
previous  samples.  It  Is  believed  that  the  polymer  became  contam¬ 
inated  while  drying  In  the  vacuum  oven.  This  could  have  been 
caused  by  some  material  that 'had  sublimed  into  the  oven  from 
previous  material  that  had  been  dried  In  that  oven.  While  trying 
to  duplicate  the  material  In  this  polymer  It  was  discovered  that 
a  large  amount,  >5^^  of  cuprous  bromide  In  a  polymer  can  cause 
similar  results.  Analytical  results  on  the  above  sample  show 
only  O.&jfo  copper  so  that  the  maximum  amount  of  cuprous  bromide 

present  would  be  about  2%  and  therefore  insufficient  to  produce 

the  results  observed.  Therefore,  the  contamination  theory  seems 
more  plausible  at  the  present  time.  The  diphenyl  ether  soluble 

material  from  run  13  does  not  gel  at  the  melting  point. 

The  results  from  run  5  show  the  effects  of  two  of  the 
problems  encountered  In  scaling  up  the  solid  state  polymerization 
reaction.  In  this  run  hOfo  of  the  solid  material  recovered  from 
the  reaction  proved  to  be  bis -(p-bromophenyl )  disulfide,  the 
remaining  6ofo  being  the  polymer  as  Indicated  In  Table  X.  This 
run  was  made  under  an  air  atmosphere  because  the  polymerization 
experiments  with  air  present.  Table  VI,  had  Indicated  that  this 
would  not  be  detrimental.  Consequently,  when  this  large  quantity 
of  bis -(p_-bromophenyl)  disulfide  was  obtained.  It  prompted  some 
questions  as  to  the  validity  of  the  results  in  Table  VI.  There¬ 
fore,  when  the  experiments  In  Table  VII  confirmed  the  results  In 
Table  VI  by  showing  that  air  present  during  polymerization  was 
not  the  cause  of  the  bis -(p_-bromophenyl )  disulfide  formation, 
an  Investigation  was  made  to  determine  what  did  cause  this  result. 

An  alternative  cause  of  the  bis -(p-bromophenyl )  disulfide 
formation  could  be  an  Incomplete  reaction  coupled  with  air 
oxidation  of  the  residual  monomer  during  workup.  This  hypothesis 
Is  strengthened  by  the  fact  that  run  5  had  the  shortest  reaction 
time  and  was  the  only  unagltated  run  of  the  larger  scale  polymer¬ 
izations  In  Table  X,  In  addition  no  bls-(p_-bromophenyl)  disulfide 
was  found  In  any  of  the  other  runs  Immediately  after  opening  of 
the  reaction  containers  prior  to  workup.  However,  In  the  series 
of  runs  under  argon  the  one  having  the  shortest  reaction  time. 
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run  9,  did  contain  2-3^  of  monomer.  This  showed  up  as  bls-(p- 
bromophenyl)  disulfide  which  precipitated  during  workup.  The 
reason  that  disulfide  Is  produced  from  monomer  during  workup  Is 
that  the  workup  procedure  converts  the  monomer  to  the  more  readily 
oxidized  thlophenol  which  can  then  be  air  oxidized  to  disulfide'. 
Therefore,  It  seems  that > this  first  problem,  formation  of  bls- 
(p-bromophenyl)  disulfide  from  residual  monomer, ,1s  actually  a 
result  of  the  second  problem  encountered  In  large  scale  runs. 

This  problem  Is  slow  reactions  due  to  poor  heat  transfer  through 
the  reaction  mixture  (Table  IX) .  Agitation  of  the  reaction 
mixtures  during  polymerization  can  alleviate  this  difficulty.  At 
present  hand  agitation  Is  being  used  but  a  mechanical  agitation 
system  Is  being  studied.  Thus  It  appears  that  with  agitation 
both  problems  encountered  during  polymerization  on  a  large  scale 
can  be  eliminated  or  reduced. 

It  was  Interesting  to  note'  that  the  2-3^  monomer  found  In 
run  9  would  Indicate  a  degree  of  polymerization  for  this  polymer 
of  42  by  condensation  polymerization  kinetics.  A  melt  viscosity 
determination  Indicated  a  degree  of  polymerization  of  46  while 
end  group  analysis  Indicated  44.  All  of  these  values  are  In 
excellent  agreement  and  Indicate  that  the  determinations  of 
molecular  weight  by  melt  viscosity  based  on  end  group  analysis 
are  on  a  firm  foundation. 


"Linear"  Polymer  Properties 

In  addition  to  a  continuing  study  of  the  various  polymers 
produced  from  the  aspect  of  solution  and  melt  viscosity  some  other 
properties  of  phenylene  sulfide  polymer  have  been  Investigated. 

One  of  these  Is  the  solubility  characteristics  of  the  "linear" 
polymer.  The  results  of  this  study  are  presented  In  Table  XI. 

The  results  Indicate  that  In  order  for  a  solvent  to  dissolve  the 
polymer.  It  must  be  capable  of  being  heated  to  over  200°C.  This 
requirement  Is  undoubtedly  due  to  the  crystalline  nature  of  the 
polymer.  In  addition  to  the  boiling  point  requirement  the  best 
solvents  appear  to  be  those  having  a  cohesive  energy  density  of 
90-100. 

Because  of  the  above  solubility  properties  of  the  polymer 
conventional  methods  of  absolute  molecular  weight  determination 
were  not  available.  It  was  thought  that  due  to  the  low  precip¬ 
itation  temperature  of  the  polymer  In  1-methylnaphthalene,  that 
a, light  scattering  Instrument  that  could  operate  at  150°C  could 
be  used  to  determine  molecular  weight.  However,  It  was  found 
that  on  standing  at  150°C  the  polymer  precipitates,  making  this 
method  useless , 
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TABLE  XI 


Solubility  of 

Phenylene  Sulfide 

Polymers 

/ 

Solvent 

Solubility 
at  Refliix 

Precipitation 

Temperature 

Pyridine 

0.0^ 

2, 4-Lutldlne 

.  0.0^ 

Toluene 

0.0^ 

0 -Dichlorobenzene 

O.Ofo 

Polyether 

0.0^ 

Sulfuric  Acid 

Reacts 

Diphenyl  Ether 

>2.0% 

200°  C 

Diphenyl  Sulfide 

^1.0% 

170°C 

Nitrobenzene 

>1.0% 

175°C 

1 -Me thylnaphthalene 

^^.0% 

■  i45°C 
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The  other  classical  methods,  boiling  point  elevation  and 
freezing  point  depression  did  hot  work  because  solvents  were  not 
available  that  both  would  dissolve  the  polymer  and  had  a  large 
enough  molal  elevation  or  depression  factor,  as  the  case  may  be, 
to  allow  measurement  of  the  molecular  weight. 

The  only  absolute  method  left  was  end  group  analysis. 

While  this  appeared  to  be  fairly  reliable  for  degrees  of  polymer¬ 
ization  less  than  60-70  where  the  per  cent  bromine  is  greater 
than  1^^ it  became  unsellable  beyond  these  limits.  Therefore,  it 
was  necessary  to  resort  to  relative  molecular  weight  methods 
which  could  be  calibrated  with  end  group  analysis  in  the  region 
where  this  was  reliable. 


One  of  the  relative,  methods  used  was  melt  viscosity.  In 
order  to  avoid  any  error  due  to  occluded  cuprous  bromide  in  the 
polymer,  all  samples  used  to  establish  the  relationship  between 
melt  viscosity  at  303°C  and  degree  of ; polymerization  from  bromine 
end  group  analysis  were  diphenyl  ether  soluble  materials^.  Any 
diphenyl  ether  Insoluble  materials  present  in  the  original  polyme 
were  filtered  off  from  the  hot  diphenyl  ether  solution  prior  to 
precipitation  in  methanol.  Thus  not  only  were  the  samples  free 
from  cuprous  bromide  but  they  were  also  essentially  linear  poly¬ 
mers.  Therefore,  bromine  analysis  could  be  directly  related  to 
degree  of  polymerization  by  the  relation: 


(1) 


D.P.gr  =  80-81  {%  Br/IOD) 

108  Br/lOO) 

<0 


(Reference  5) 


The  melt  viscosity  can  be  determined  using  the  relationship 
derived  by  Small^  for  the  type  of  apnaratus  that  was  used  to 
determine  the  values  in  Table  XII  ' ^ 


(2)  F/(y) 

s2 


where:  =  melt  viscosity  in  poises 

P  =  force  exerted  by  the  viscometer  plunger  in 
dynes 

=  F  (gms)  X  9*8  X  10^ 

_^(y)  =  Instrument  constant 

(8.2  X  10“3  in  our  Instrument) 


S  =  slope  of  plot  of  plunger  penetration  in 

centimeters  versus  square  root  of  time  in 
seconds 


The  data  obtained  for  the  purpose  of  deriving  the  correlation 
between  melt  viscosity  and  end  group  analysis  are  presented  In 
Table  XII  and  Figure  3-  The  log  log  plot  of  this  data  lies  rea¬ 
sonably  well  along  a  straight  line.  Figure  3,  from  which  the 
equation  relating  melt  viscosity  and  degree  of  polymerization  can 
be  obtained.  This  relationship  Is: 

(3)  log  Mn  =  0.14?  log -7303  +1.32 

where:  Mn  =  number  average  molecular  weight  based  on 

bromine  end  group  analysis 

'^303  =  melt  viscosity  at  303°C  In  poises 

With  this  relationship  established  and  If  the  melt  viscosity  Is 
known,  then  the  molecular  weight  of  a  polymer  sample  can  be  deter¬ 
mined.  Even  samples  containing  cuprous  bromide  below  a  3-4^  level 
can  be  determined  using  this  technique  since  that  quantity  of 
cuprous  bromide  does  not  affect  the  melt  viscosity  appreciably. 
Crossllnked  materials.  If  present  In  large  enough  amounts,  can 
also  produce  high  melt  viscosity  results,  and  therefore.  It  Is 
always  wise  to  determine  the  viscosity  of  the  diphenyl  ether 
soluble  materials  from  any  polymer  In  order  to  determine  whether 
any  error  In  the  molecular  weight  due  to  an  excessively  high  melt 
viscosity  could  be  present. 

Generally  little  or  no  error  from  these  sources  has  been 
observed  In  the  large  scale  preparations,  but  some  high  results 
have  been  observed  with  smaller  runs  due  to  the  presence  of  10-20^ 
of  crossllnked  polymer  In  the  material  before  diphenyl  ether 
extraction. 

A  second  relative  molecular  weight  determination  method 
was  solution  viscosity.  These  determinations  are  made  on  only 
diphenyl  ether  soluble  materials  since  Insolubles  by  giving  the 
wrong  solution  concentration  or  by  plugging  the  capillary  could 
cause  viscosities  that  are  low  or  high.  Since  the  melt  viscosity 
molecular  weight  relationship  has  already  been  established, 
solution  viscosity  can  be  correlated  either  with  molecular  weight 
directly  or  through  a  correlation  with  melt  viscosity.  Table  XII 
could  enable  either  relationship  to  be  made  while  Figure  4  uti¬ 
lizes  the  second  of  the  two  approaches.  Since  there  were  more 
samples  of  polymer  on  which  both  melt  and  solution  viscosities 
had  been  determined  than  those  which  had  bromine  analyses. 

Figure  4  has  several  polnts24  on  it  not  listed  In  Table  XII. 

Again  the  data  on  the  log  log  plot  fit  very  closely  to  a  straight 
line  from  which  the  following  equation  can  be  derived. 
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TABLE  XII 


Sample 


Melt  Viscosity  versus  End  Group  Analysis 


%  Cu 

%  Br 

D.P.^ 

Br 

(poises ) 

/^rel 

0.015 

4.6 

16 

3.5 

0.006 

2.04 

36 

20 

1.138 

0.016 

1.60 

45 

20 

1.173 

0.003 

2.1 

34 

50 

■  1.149 

0.006 

2.35 

31 

60 

1.144 

0.006 

2.31 

31 

61 

1.132 

0.00 

1.9 

38 

75 

1.143 

0.015 

1.9 

38  . 

113 

1.155 

0.09 

1.4 

52 

132 

1.194 

0.00 

1.7 

43 

133 

1 .166 

0.00 

2.1 

34 

l4o 

1.149 

0.8 

2.8 

26 

200 

1.124 

- - 

1.5 

48 

200 

1.137 

1.3 

56 

251 

1.192 

0.21 

1.6 

45 

260 

1.138 

1.5 

48 

313 

1.197 

0.00 

1.4 

52 

440 

1.169 

<1 

1.18 

62 

550 

1.186 

0.05 

1.3 

56 

770 

1.240 

0.09 

1.49 

49 

900 

1.201 

0.01 

1.2 

61 

1100 

1.254 

1.7 

2.3 

31 

1300 

1.192 

0.86 

85 

1400 

0.79 

93 

i4oo 

0.27 

1.56 

47 

1700 

1.195 

0.015 

1.2 

61 

1700 

1.182 

<1 

1.18 

62 

1700 

1.186 

0.18 

0.68 

108 

1800 

1.239 

<1 

1.18 

62 

1900 

1.196 

<1 

1.65 

44 

2000 

1.187 

0.04 

1.12 

65 

4000 

1.198 

0.13 

1.14 

64 

7500 

- - 

0.84 

87 

60,000 

1.216 

0,46 

0.45 

165 

230,000 

26 
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■  ' _ FIG.  4 

RELATIONSHIP  OF  MELT  VISCOSITY  TO  SOLUTION  VISCOSITY 
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’7303  (POISES) 


(4)  log  _2lP  =  G.0603  log  7303  -  0.936 

where:  “  specific  viscosity 

C  =  concentration  of  polymer  solution 

(gms/lOO  ml) 

7303  =  melt  viscosity  at  303°C  In  poises 

Using  this  relationship  (equation  4)  and  equation  3>  solution 
viscosity  can  he^  related  directly  to  molecular  weight  as  shown 
In  equation  5  where  the  symbols  have  the  same  significance  as 
previously  defined. 

(5)  log  Mn  =  2.43  log 

Since  the  data  were  available  In  Table  XII  for  determining  this 
relationship  (equation  5)  directly,  this  was  done  also  In  Figure  5. 
This  plot  leads  to  essentially  the  same  relationship  with  the 
slope  constant  of  the  line  being  2i35  and  the  Intercept  3*47. 

These  results  are  very  close  to  the  2.43  and  3 *60  values  In 
equation  5  and  along  with  the  good  fit  of  the  data  to  their  respec¬ 
tive  curves  Indicate  that  the  correlations  presented  In  equations 
3-5  seem  to  be  quite  reliable. 


+  3.60 


Another  property  of  the  polymer  Investigated  was  the  var¬ 
iation  of  polymer  film  properties  with  melt  viscosity  or  molecular 
weight.  The  results  of  this  somewhat  cursory  study  Indicates  a^ 
break  In  a  viscosity  property  curve  occurring  at  about  I.3  x  10'^ 
poises  on  the  melt  viscosity  scale.  Below  this  viscosity,  prop¬ 
erties  rapidly  deteriorate.  Above  this,  the  properties  Improve 
but  only  gradually  with  Increasing  viscosity.  Therefore  vis¬ 
cosities  In  excess  of  1.3  x  lo3  poises  would  be  required  In  order 
to  obtain  the  best  possible  polymer  properties.  Using  the  rela¬ 
tionship  between  melt  viscosity  and  molecular  weight  described 
previously  (equation  3)  the  break  In  viscosity  would  Indicate  a 
molecular  weight  of  650O. 

An  examination  of  the  solvent  resistance  of  the  polymer  Is 
being  conducted.  The  preliminary  but  Incomplete  results  Indicate 
that  the  polymer  Is  very  resistant  to  solvents  such  as  methanol, 
carbon  disulfide,  and  methylene  chloride. 
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Chemical  Properties  of  the  Polymer 

Three  chemical  properties  of  the  polymer  were  Investigated.  . 
Two  of  these,  the  effect  of  heat  and  chemical  crosslinking  will  be 
discussed  later.  The  third  property  concerns  the  ability  of  the 
polymer  to  be  oxidized. 

Since  It  was  believed  that  oxidized  forms  of  sulfur  such 
as  the  sulfoxide  or  sulfone  might  be  more  stable  than  the  sulfide. 
It  was  desired  to  study  these  materials.  The  sulfone  polymer  wa® 
readily  prepared  by  the  action  of  30^  hydrogen  peroxide  In  acetic 
acid  on  the  sulfide  polymer.  The  sulfone  did  not  melt  below  Its 
decomposition  temperature,  was  Insoluble,  and  had  poorer  thermal 
stability  than  the  sulfide.  This  Is  similar  to  previous  results 
obtained  with  Macallum  polymers  prior  to  the  contract  work. 

In  the  case  of  the  phenylene  sulfoxide  polymer  some  dif¬ 
ficulties  were  encountered  In  Its  synthesis.  First  a  synthesis 
which  would  give  sulfoxide  linkages  free  of  sulfone  was  desired. 
This  was  found  In  a  treatment  of  the  sulfide  polymer  with  70^ 
^nitric  acid  In  acetic  anhydride  at  A  first  attempt  on  a 

’"•small  scale  appeared  to  be  successful  yielding  a  polymer  In  a  79^ 
yield.  Jts  Infrared  spectra  showed  a  strong  absorption  near 
1050  cm-1  ( sulfoxide  .absorption) .  However,  It  did  not  show  any 
absorption  for  a  sulfone  linkage,. and  Its  spectra  differed  from 
that  of  the  phenylene  sulfide  polymer  from  which  It  was  made  at 
twenty  different  absorbent  peaks.  However,  when  this  synthesis 
was  repeated  on  a  larger  scale  only  partial  oxidation  of  the 
sulfide  to  the  sulfoxide  was  obtained.  One  sample  showed  only  a 
weak  sulfoxide  abosrptlon  near  IO50  cm“l,  and  the  other,  on  oxygen 
analysis.  Indicated  that  It  contained  at  best  52^  of  the  desired 
sulfoxide  linkages. 

Two  possible  explanations  are  suggested.  .  One  was  the  par¬ 
tial  or  total  conversion  of  the  acetic  anhydride  to  acetic  acid 
by  moisture  after  the  container  was  opened.  If  this  happened  the 
solvent  might  not  be  appropriate  for  the  desired  reaction  under 
the  conditions  used.  The  second  possibility  was  Insufficient 
reaction  time  for  the  larger  scale  reactions.  A  fourth  attempt 
was  made  subsequently  using  fresh  acetic  anhydride  and  a  doubled 
reaction  time.  This  procedure  resulted  In  a  material  containing 
about  70^  sulfoxide  linkages .  Therefore,  an  Improvement  was 
obtained  but  the  reaction  time  Is  still  Insufficient. 

In  addition  to  Oxidation  of  the  polymers  to  the  correspond¬ 
ing  sulfoxide  and  sulfone,  they werfe  also  studied  to  determine 
their  stability  to  air  oxidation  and  degradation  at  high  temper¬ 
atures.  Table  XIII  Indicates  the  stability  of  the  polymers  studied 
at  comparable  times.  From  the  data  It  appears  that  the  order  of 
stability  Is  heat  treated  >52^  sulfoxide  ^-sulfide  pi  sulfide 
which  Is  crossllnked  to  the  extent  of  1  crosslink  per  10  repeating 
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units.  Of  special  Interest  Is  the  result  In  run  5.  It  was  sug¬ 
gested  that  the  presence  of  cuprous  bromide  In  the  polymer  might 
prove  to  be  deleterious  since  copper  has  been  known  to  be  an 
oxidation  catalyst.  Therefore,  a  small  portion  of  cuprous  bromide 
was  added  to  the  same  polymer  used  In  run  4.  We  were  surprised 
to  find  that  Instead  of  catalyzing  oxidation  the  curpous  bromide 
appears  to  Inhibit  It  to  the  point  where  the  mixture  Is  nearly 
as  stable  as  heat  treated  material  and  surpasses  that  containing 
52^  sulfoxide  linkages  after  4.0  hours  exposure. 

In  addition  to  the  results  In  Table  XIII  some'  other  runs 
were  made  In  an  open  test  tube  In  a  heat  treatment  bath.  These 
results,  unlike  those  obtained  In  Table  XIII  from  heating  In  a 
thermobalance,  resulted  In  only  a  22-25^  weight  loss  after  72 
hours  at  400°C.  In  this  latter  case  also,  no  degradation  In 
properties  occurred.-  The  difference  In  the  two  situations  may 
be  that  the  thermobalance  app^aratus  allowed  a  convection  current 
to  pass  through  It.  Thus,  volatile  fragments  would  be  rapidly 
removed  from  the  reaction  zone.  In  the  open  tube  case  this 
would  not  be  true  and  therefore,  the  fragments  may  be  able  to 
Interact  with  the  residue  again  or  at  least  act  as  a  protective 
screen  to  exclude  air  from  the  remaining  polymer. 

Another  difference  exhibited  by  the  open  tube  material 
was  that  although  It  was  Insoluble  It  did  melt  at  l65-200°C. 

This  Is  decidedly  different  from  the  heat  treated  materials 
obtained  under  argon  or  the  air  degraded  materials  from  the 
thermobalance  which  are  both  Infusible  and  Insoluble. 

In  addition  to  the  studies  at  400°C  lower  temperatures 
were  also  Investigated.  After  exposure  for  3  days  at  300°C  In 
air  no  changes  were  observed  In  the  polymer. 


Crosslinking  Studies 

Two  types  of  crossllnklng  have  been  studied.  One  variety 
Is  that  due  to  chemical  agents.  Two  possible  crossllnklng  agents 
were  discarded  almost  Immediately.  One,  elemental  sulfur,  could 
Induce  formation  of  less  stable  polysulfide  linkages  In  place  of 
the  sulfide  linkages.  Therefore,  Its  use  would  be  undesirable. 

A  second  agent,  1, 4-‘benzenedlthlol  or  Its  polymeric  disulfide 
appeared  to  crosslink  the  polymer  satisfactorily.  However,  It 
was  found  that  by  Itself  this  reagent  produced  the  same  results 
that  It  did  with  the  polymer.  It  apparently  crosslinks  Itself 
and  may  not  act  on  the  sulfide  polymer  at  all.  Therefore,  use 
of  this  material  was  dropped. 

A  third  technique,  which  met  with  some  success.  Involved 
treatment  with  chlorosulf onlc  acid  at  l6o°C  for  18  hours.  This 
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reagent  would  Introduce  sulf one  crosslinks .  However,  It  appeared 
that  the  crosslink  density  produced  was  very  non-uniform  resulting 
in  highly  crossllnked  "brick  dust"  type  materials  mixed  with 
diphenyl  ether  soluble  polymer.  In  addition  the  crosslink  effi¬ 
ciency  of  this  reagent  was  lowl*^.  Although  the  use  of  a  solvent 
for  the  chlorosulf onlc  acid  could  Improve  the  uniformity  of  the 
crossHhklng,  it  would  probably  not  Improve  the  crosslink  effi¬ 
ciency. 

A  much  more  successful  technique  than  any  of  the  preceding 
was  a  two  step  process.  /Jhls  Involved  bromlnatlon  of  the  polymer 
to  Introduce  the  desired  number  of  crosslink  sites,  and  then 
treatment  by  a  metal  sulfide  to  introduce  sulfide  crosslinks. 

Both  reactions  resulted  in  essentially  80-100^  yields  of  the 
desired  substituent  as  indicated  by  analysis.  There  is  some  dif¬ 
ficulty  in  bromlnatlon,  however,  if  appreciable  amounts  of  cuprous 
bromide  are  present.  This  material  is  preferentially  oxidized  by 
bromine  and  consequently  fewer  crosslink  sites  are  Introduced  in 
the  polymer  than  were  Intended.  Therefore,  careful  removal  of 
the  cuprous  bromide  or  the  use  of  excess  bromine  to  compensate 
for  the  amount  of  cuprous  salt  present  Is  needed  In  order  to  get 
the  desired  amount  of  bromlnatlon  of.  the  polymer.  The  results 
of  this  Investigation  are  presented  In  Table  XIV,  The  first 
material  was  definitely  too  heavily  crossllnked.  The  third  mate¬ 
rial  gave  poor  results  due  to  non-uniform  crosslink  density. 

This  fault  was  eliminated  In  the  other  two  materials  by  the  use 
of  a  solvent  during  bromlnatlon.  As  It  can  be  seen  a  more 
uniform  crosslink  density  produces  a  useful  material.  At  present 
a  crosslink  density  of  one  crosslink  In  9-35  repeating  units 
appears  to  give  the  best  results.  However,  It  Is  possible  that 
even  better  results  might  be  obtained  with  a  crosslink  density 
of  one  In  five  or  one  In  fifty.  This  is  being  Investigated. 

The  two  materials  (numbers  2  and  4  In  Table  XIV)  which  gave  the 
best  results  were  crossllnked  by  mixing  the  bromlnated  polymer 
with  the  amount  of  hydrated  sodium  sulfide  equivalent  to  the 
bromine  present  In  the  polymer.  This  mixture  was  then  placed 
In  a  press  at  300°C  and  20,000  pounds  ram  pressure  for  24  hours. 
This  technique  of  bromlnatlon  with  subsequent  reaction  with  a 
metal  sulfide  can  be  used  to  produce  a  wide  variety  of  crosslink 
densities  with  properties  varlng  from  essentially  uncrossllnked 
material  to  that  shown  In  line  one  of  Table  XIV. 

In  the  course  of  this  study  two  metal  sulfides  have  been 
studied.  Both  of  them,  potassium  and  sodium  sulfide,  give  com¬ 
parable  results.  In  addition  the  use  of  excess  metal  salt  In 
the  crosslinking  does  not  appear  to  give  better  results .  Further 
data  on  the  polymers  crossllnked  In  this  manner  will  be  presented 
In  the  discussion  on  the  adhesive  studies. 
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TABLE  XIV 


Preparation  of  Chemically  Crossllnked  Polymer 


Crosslink 

Density 

(X/mer) 

M.P. 

°c 

DPO  Sol. 

% 

Molding  Properties 

1. 

2 

;^500 

0.0 

Not  moldable- 
hard  and  brittle 

2. 

0.11 

>  4oo 

0.0 

Tough,  flexible, 
and  adheres  well^ 

3. 

0.10 

245->300 

92.0 

Semlmoldable- 

brittle 

4. 

0.07 

>4oo 

0.0 

Tough,  flexible, 
and  adheres  well* 

*  Crossllnked  In  press  at  300°C  and  20,000  lbs. 
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Two  other  materials  have  been  found  which  show  promise  as 
crosslinking  agents o  One  of  these,  benzaldehyde,  when  heated 
for  3  days  at  150°C,wlth  the  polymer  can  produce  a  crossllnked 
material  which  can  still  be  molded  at  high  pressure,  20,000-40,000 
pounds  at  300°C=  This  material  Is  tough  and  shows  good  adhesive 
strength.  Benzaldehyde  can  also  be  used  to  crosslink  at  higher 
temperatures  for  shorter  times  but  an  excess  must  be  used  at 
temperatures  above  Its  boiling  point  due  to  evaporative  losses. 

The  second  material  found  recently  was  bls-(p-bromophenyl) 
disulfide.  A  mixture  of  1, 4-blsphenylthlobenzene  and  this 
disulfide  was  heated  at  400°C  under  argon.  This  treatment  pro¬ 
duced  a  residue  amounting  to  21,4^  by  weight  of  the  original 
charge.  The  residue  had  fairly  good  polymeric  properties,  and  was 
very  similar  to  heat  treated  phenylene  sulfide  polymer.  The 
1, 4-blsphenylthlobenzene  under  the  same  conditions  gives  only  a 
0.79^  residue  with  poor  properties.  Bis -(p-bromophenyl )  disulfide 
heated  alone  under  the  same  conditions  gave  a  27.4^  residue  again 
with  poor  properties.  These  results  indicate  that  bis -(p-bromo- 
phenyl)  disulfide  Is  Indeed  crosslinking  the  1, 4-bisphenylthio- 
benzene  to  a  high  molecular  weight  network  polymer.  These  two 
new  crosslinking  agents  are  being  studied  further  also. 

The  second  type  of  crosslinking  studied  was  that  Induced 
by  heat  treatment.  This  study  was  originally  undertaken  In  order 
to  determine  whether  the  thermally  stable  residue  observed  In 
thermogravlmetrlc  analysis!!  was  a  useful  material.  ,  It  was  sur¬ 
prising  to  learn  that  heat  treated  phenylene  sulfide  polymer  had 
decidedly  Improved  properties  Insplte  of  a  25 -40^  weight  loss!2. 
Previously  It  had  been  thought  that  a  weight  loss  would  result 
In  a  degradation  of  properties.  Apparently  this  Is  not  true 
with  phenylene  sulfide  polymers . 

Since  this  finding  was  especially  Interesting,  a  study  of 
the  volatile  fragments  of  heat  treatment  was  made  In  an  effort 
to  elucidate  the  reactions  taking  place .  Two  systems  were  used 
the  volatiles  being  trapped  In  a  dry -ice  trap.  A  liquid  nitrogen 
trap  was  tried  but  It  liquified  the  argon  used  for  the  Inert 
atmosphere.  The  first  system  studied  was  the  polymer  Itself.  The 
only  Identifiable  product,  using  gas -liquid  chromatography,  was 
thlophenol.  However,  the  other  products  were  probably  low  mole¬ 
cular  weight  polymers  such  as  dimers  and  trlmers .  Since  elemental 
analysis  showed  a  loss  of  bromine,  heat  treatment  must  also  cause 
carbonbromlne  bond  cleavage.  Further  evidence  for  loss  of  bromine 
during  heat  treatment  Is  the  fact  that  the  "linear"  polymer  and 
bromlnated  polymer  are  self -extinguishing  whereas  the  heat  treated 
material  Is  not. 

In  order  to  elucidate  even  further,  the  reactions  Induced 
by  heat  treatment,  a  model  polymer  system,  1, 4-blsphenylthlobenzene, 
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was  studied.  On  heating  for  24  hours  at  400°C  under  argon  and 
analysis  of  the  volatiles  hy  gas -liquid  chromatography  several 
products  were  found  In  addition  to  the  starting  material.  Four 
of  these,  benzene,  thlophenol,  diphenyl  sulfide,  and  diphenyl 
disulfide.  Indicate  carbon -isulfur  bond  cleavage  which  would 
result  In  substituted  thlyl  and  phenyl  radicals.  In  the  case  of 
a  polymer  then,  these  radicals  could  react  with  adjacent  polymer 
producing  crosslinks  or  volatilize  off  If  their  molecular  weight 
Is  low  enough. 

A  fifth  material  was  also  found  In  the  volatiles  from  the 
model  system.  It  was  biphenyl.  This  material  could  result  from 
a  coupling  of  two  phenyl  radicals  produced  from  carbon-sulfur  bond 
cleavage  or  by  a  direct  coupling  of  phenyl  rings  which  Is  known 
to  be  possible  at  these  temperatures^3 .  Thus,  this  study  suggests 
that  two  modes  of  crosslinking  appear  to  be  possible  during 
polymer  heat  treatment.  One  Is  a  radical  attack  by  carbon -sulfur 
bond  cleavage  fragments  and  the  other  Is  a  "biphenyl"  coupling 
reaction.  In  addition,  the  analytical  results  and  the  loss ‘of 
self-extlngulshlng  properties  of  the  polymer  Indlcatethe  loss 
of  bromine  end  groups  during  heat  treatment.  ■  ,1 

As  was  mentioned  previously  beneficial  results  were  obtained 
with  the  polymer  by  heat  treatment  at  400°C  for  72  hours  or  at 
500°C  for  2-3  hoursl2.  The  question  arose  as  to  whether  further 
heating  at  these  temperatures  would  lead  to  degradation.  .  The  ques¬ 
tion  has  already  been  partially  answered  for  treatment  at  500°C^^. 
At  this  temperature  the  polymer  properties  deteriorate  after  the 
Initial  enhancement.  This  deterioration  Is  accompanied  by  further 
weight  loss  up  to  24  hours.  For  longer  heating  periods  at  500°C 
and  for  periods  greater  than  72  hours  at  400°C  the  data  In  Table 
XV  are  pertinent.  As  It  can  be  seen  prolonged  heating  at  500°C 
under  argon  beyond  24  hours  produces  essentially  no  further 
change  In  weight  or  properties .  However,  the  properties  of  this 
material  are  not  very  good  and  It  Is  just  short  of  brick  dust. 

At  400°C,  on  the  other  hand,  the  results  are  very  encouraging. 
These  show  that  after  the  polymer  has  reached  Its  optimum  prop¬ 
erties  at  72  hours  at  400°C,  the  polymer  retains  these  properties 
With  no  further  weight  loss  up  to  two  weeks. 

Because  the  polymer  was  so  resistant  to  degradation  at 
400°C  after  Initial  heat  treatment,  some  material  treated  for 
72  hours  at  400°C  was  heated  further  at  500°C  to  determine  If  It 
was  also  more  resistant  than  non-treated  polymer  at  this  temper¬ 
ature.  However,  there  appeared  to  be  little  difference  between 
treated  and  non-treated  materials  after  24  hours. 

In  addition  to  the  above  studies  heat  treatments  have  been 
carried  out  on  Macallum  polymer,  chemically  crossllnked  polymer, 
polymer  containing  5G^  cuprous  bromide,  sulf one  polymer,  and 
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TABLE  XV 


The  Effects  of  Prolonged  Heat  Treatment 


Time 

(hrs) 

Temperature 

(°c) 

Weight 

Loss 

(^) 

Molded  Film 

Flexibility 

and 

Toughness* 

Properties 

Adherence** 

0 

500 

0.0 

2.5 

4 

2 

500 

16.1 

4 

5 

6 

500 

26.3 

3 

5 

24 

500 

44.4 

1 

1 

45 

500 

49.4 

1 

1 

120 

500 

46.4 

1 

1 

24o 

500 

47.6 

1 

1 

0 

4oo 

0.0 

1 

1 

20 

4oo 

l6.l 

1 

1 

4o 

4oo 

21.7 

2 

2 

72 

4oo 

29.1 

6 

5 

144 

4oo 

28.6 

6 

5 

240 

4oo 

33.1 

6 

5 

288 

4oo 

'^30 

6 

5 

*Number  Value 

Meaning 

1 

Crumbly 

2 

Can  bend  slightly 

3 

Bends  but  breaks 

4 

Can  crease  but  cracks 

5 

Creases  but  cracks  on  recreaslng 

6 

Recreases  without  cracking 

**Number  Value 

Meaning 

1 

No  adherence 

2 

Some  adherence 

3 

Resists  removal 

4 

Difficult  to  remove 

5 

Cannot  remove  from  glass 

6 

Cannot  remove  from  glass  0 

aluminum 
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sulfoxide  polymer.  ^  The  results  are  given  in  Table  XVI.  The 
Macallum  polymer  seems  to  behave  in  the  same  manner  as  the  "linear" 
phenylene  sulfide  polymer  as.  shown  by  Table  XVI  except  that  the 
property  enhancements  are  not  as  great. 

The  crossllnked  polymers  were  of  Interest  since  they  showed 
a  property  enhancement  obut  did  so  without  melting.  Thus,  it 
should  be  possible  to  prepare  an  article  by  thermoplastic  fabri¬ 
cation  followed  by  a  chemical  crosslinking  cure.  The  resulting 
material  could  then  be  further  Improved  by  heat  treatment  without 
fear  of  loss  of  shape  due  to  melting  which  would  occur  In  the 
case  of  the  "linear"  polymer. 

The  cuprous  salt  containing  polymer  gave  poor  results  for  . 
two  reasons.  One  was  the  presence  of  a  heterogeneous  Inorganic 
phase  which  was  not  completely  bound  by  polymer.  The  second  was 
an  apparent  reaction  of  cuprous  bromide  with  the  polymer  during 
heat  treatment  producing  copper  metal.  This  reaction  could 
possibly  have  deleterious  effects  on  the  polymer  producing  the 
results  observed. 

The  last  two  polymers  are  of  Interest  also  since  they 
represent  oxidized  forms  of  the  sulfide  polymer.  Comparison  with 
Table  XV,  Indicates  that  the  sulfone  polymer  Is  less  stable  than 
the  sulfide  while  the  sulfoxide  polymer  behaves  very  much  like 
phenylene  sulfide  polymer. 

Finally  an  attempt  has  been  made  to  scale  up  the  heat 
treatment  process.  At  first  this  was  unsuccessful  due  to  the 
Inability  to  completely  remove  the  air  from  the  sample  by  argon 
flushing.  However,  when  the  reactions  were  run  under  a  vacuum, 

5-10  gram  samples  of  polymer  could  be  treated  at  400°C  yielding 
the  same  Improved  properties  with  the  same  weight  loss  as  the 
0.5  gram  sample  runs  listed  In  Table  XV, 


Applications  Investigations 

Preliminary  Investigations  have  been  conducted  on  possible 
applications  of  the  phenylene  sulfide  polymer.  It  was  found  that 
fibers  can  be  readily  drawn  from  the  melt  of  higher  molecular 
weight  polymers.  However,  when  a  small  sample  was  studied  for 
the  melt  spinning  properties  of  the  polymer  no  conclusive  results 
were  obtained.  This  was  due  to  the  small  size  of  the , sample  and 
Its  very  good  adhesive  properties  which  prevented  It  from  draining 
from  the  melt  spinning  apparatus.  However,  the  Investigator  felt, 
that  success  could  be  obtained  on  a  larger  sample. 
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TABLE  XVI 


Heat  Treatment  of  Modified  Phenylene  Sulfide  Polymers 


Molded  Film  Properties 
Weight  Flexibility 


Polymer 

Time 
(hrs ) 

Temperature 

(°0) 

Loss 

(^) 

and 

Toughness* 

Adherence** 

Macallum 

0 

400 

0.0 

2 

5 

72.0 

23.8 

2 

4 

Crossllnked 

9.5/1 

0 

4oo 

0.0 

2.5 

5 

72.0 

4l.o 

4 

5 

15.5/1 

0 

400 

0.0 

3.5 

4.5 

72.0 

36.9 

5 

5 

Linear 
+  50^  CuBr 

0 

400 

0.0 

1 

1 

72.0 

44,9 

1 

1 

Sulf one 

0 

400 

0.0 

1 

1 

72.0 

34.9 

1 

1 

Sulfoxide 

0 

400 

0.0 

1 

1 

72.0 

26.0 

2 

6 

*  Sameias  per  Table: XV 

**  Same  as  per  Table  XV. 
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No  real  laminate  work  has  been  carried  out  by  this  group. 
However,  work  at  Wright  Field  has  shown  that  no  difficulty  was 
encountered  In  saturating  glass  cloth  with  the  polymer  and  that 
It  wets  the  fibers  well. 

A  fair  amount  of  effort  has  been  expended  In  studying  the 
adhesive  properties  of  the  polymer.  This  study  was  mainly  con¬ 
cerned  with  finding  the  treatment  or  treatments  of  the  test  bars 
and  polymer  which  would  give  the  best  results. 

In  our  Initial  work  some  difficulty  was  encountered  when 
phosphate  or  chromate  etch  solutlons^^  were  used.  When  heat 
treatments  were  carried  out  subsequent  to  bonding  the  test  bars, 
the  polymer  In  the  etched  region  appeared  to  have  been  attacked 
while  polymer  outside  this  region  was  not. 

Apparently  either  the  etch  solution  left  a  residue  or  acted 
on  the  metal  In  such  a  way  that  even  after  removal  of  the  etch 
solution  by  rinsing  and  drying  the  polymer  was  degraded  In  that  ) 
region  at  heat  treatment  temperatures .  This  difficulty  was  elim¬ 
inated,  however,  by  the  use  of  an  aqua  regia  etch^^,  which  did 
not  appear  to  act  In  the  above  manner. 

The  results  of  the  adhesive  Investigation  are  given  In 
Tables  XVII  -  XIX,  As  It  can  be  seen, there  Is  a  great  deal  of 
fluctuation  which  Is  no  doubt  due  to  the  method  of  testing  and 
our  developing  technique. 

Table  XVII  represents  results  from  linear  polymers.  The 
range  of  bond  strengths  In  the  lap  shear  test  was  200-1620  psl. 

It  should  be  noted  that  with  the  exception  of  the  first  entry 
the  bond  strengths  are  Increasing  as  our  technique  has  developed. 
At  present,  however,  bond  strengths  are  about  half  that  obtained 
at  Wright  Field  on  similar  polymers. 

Table  XVIII  lists  the  results  for  chemically  crossllnked 
polymer.  Here  the  range  of  bond  strengths  Is  226-27^0  psl. 

Again  some  scatter  In  the  results  Is  present.  In  comparing  runs 
3-6  It  can  be  seen  that  the  use  of  either  metal  sulfide  studied  or 
the  use  of  an  equivalent  amount  or  excess  metal  sulfide  seems  to 
give  about  the  same  results.  With  runs  7-"ll  uud  12-15  the  results 
of  Improving  technique  can, be  seen  In  the  higher  and  more  con¬ 
sistent  bond  strengths  of  these  samples  compared  to  earlier  ones. 
At  present  the  crosslink  denblty  yielding  the  best  bond  strength 
for  the  bromlnatlon -metal  sulfide  technique  has  not  been  deter¬ 
mined.  From  the  data  In  Table  XVIII  a  crosslink  density  of  1 
crossllnk/34  repeating  units  would  appear  to  be  best.  However, 
runs  1-6  will  have  to  be  repeated  to  confirm  this.  In  addition, 
the  results  In  Table  XVIII  may  be  affected  by  the  molecular 
weight  of  the  polymer  being  crossllnked, 
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TABLE  XVII 


Adhesive  Properties  of  Linear 
Phenylene  Sulfide  Polymer 


Run 

D.P. 

Steel 

1 

60 

17-7 

2 

60 

17-7 

3 

52 

17-7 

4 

62 

17-7 

5 

98 

17-7 

6 

98 

17-7 

7 

101 

17-7 

8 

105 

17-7 

9 

105 

17-7 

10 

101^ 

17-7 

11 

66° 

17-7 

Etch 

Bond  Strength 
(psl) 

None 

1620 

Phosphate 

364 

Aqua  Regia 

208 

Aqua  Regia 

500 

Aqua  Regia 

880 

Aqua  Regia 

1060 

Aqua  Regia 

1220 

Aqua  Regia 

640 

Aqua  Regia 

930 

Aqua  Regia 

623 

Aqua  Regia 

560 

a.  From  melt  viscosity 
h.  Contains  4.3^  CuBr 
c .  52^  Sulfoxide . 


TABLE  XVIII 


Adhesive  Properties  of  Crossllnked 

Phenylene  Sulfide  Polymers^ 
Crosslink 


Run 

Agent 

Density 

(mers/llnk) 

dtf:* 

Bond  Strength 

1 

Na2S*5H20 

9.5 

16 

\ 

620 

2 

NaaS-aHsO^ 

15 

16 

226 

3 

Na2S»5H20 

15.5 

48 

550 

4 

Na2S-5H20° 

15.5 

48 

605 

5 

K2S° 

15.5 

48 

780 

6 

K2S^ 

15.5 

48 

510 

7 

K2S° 

27 

105 

531 

8 

K2S° 

27 

105 

1071 

9 

27 

105 

1270 

10 

K2S° 

27 

105 

1440 

11 

K2S° 

27 

105 

2260 

12 

K2S^ 

34 

105 

796 

13 

K2S^ 

34 

105 

1230 

14 

K2S° 

34 

105 

2100 

15 

K2S° 

34 

105 

2740 

a.  Steel  used  was  17-7  and  etch  was  aqua  regia 
h.  From  melt  viscosity  on  polymer  prior  to  crosslinking 

c.  100^  excess 

d.  500^  excess. 
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TABLE  XIX 


Adhesive  Properties  of  Heat  Treated 

Phenylene  Sulfide  Polymer 


Heat 

Treatment 

Conditions 


Run 

Time 

(hrs) 

Temp .  „ 

(°c)  dTpT^ 

Steel 

Etch 

Bond  Strength 
(psl) 

1^ 

1 

■  69 

4oo 

60 

316 

None 

200 

2^ 

72 

400 

36 

316 

None 

i860 

3 

72 

400 

20 

17-7 

None 

186 

4^ 

72 

4oo 

35 

17-7 

None 

560 

5"^ 

72 

400 

35 

17-7 

Phosphate 

Too  low  to 
measure 

6 

72 

4oo 

20 

17-7 

Wire  Buff 

230 

7 

72 

400 

38 

17-7 

Wire  Buff 

175 

8 

144' 

4oo 

105  ‘ 

17-7 

Wire  Buff 

650 

9 

72 

4oo 

135'* 

17-7 

Wire  Buff 

470 

10 

72 

4oo 

20 

17-7 

Aqua  Regia 

1095 

11 

72 

4oo 

38 

17-7 

Aqua  Regia 

1800 

12 

144 

'400 

105 

17-7 

Aqua  Regia 

2360 

13 

72 

4oo 

135 

17-7 

Aqua  Regia 

1238 

14^.0 

72 

4oo 

64 

17-7 

Aqua  Regia 

1280 

15"^ 

72 

4oo 

64 

17-7 

Aqua  Regia 

326 

16^ 

72 

400 

64 

17-7 

Aqua  Regia 

179 

17b,  c 

72 

4oo 

64 

,  17-7 

Aqua  Regia 

1160 

a.  Prom  melt  viscosity  prior  to  heat  treatment 

b.  Heat  treated  after  bond  formed 

c.  Molded  after  bond  heat  treated. 
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Table  XIX  presents  the  results  for  heat  treated  polymers » 

The  range  of  bond  strengths  here  was  186-2360  psl.  Again  with 
the  exception  of  run  2  bond  strengths  have  Improved  with  Improving 
technique.  Two  techniques  were  used  to  prepare  heat  treated  bonds. 
One  Involved  heat  treating  the  polymer  under  the  conditions  Indi¬ 
cated  In  Table  XIX  followed  by  bonding  the  test  bars.  The  other 
method  reversed  these  two  steps  and  Involved  heat  treating  the 
bonded  samples.  From  Table  XIX  It  appears  that  either  technique 
gives  essentially  the  same  results  provided  the  data  In  runs 
14-17  are  taken  Into  consideration.  Runs  l4  and  17  were  placed 
In  a  press  at  35^000  pounds  pressure  at  300°C  for  fifteen  minutes 
after  heat  treatment,  whereas  runs  I5  and  16  were  not.  Prom  the 
bond  strengths  obtained- It  Is  apparent  that  post  molding  after 
heat  treatment  of  bonded  samples  is  beneficial.  Apparently  gas 
pockets  or  cavities  can  form  during  heat  treatment  which  should 
be  squeezed  out  In  order  to  have  the  bonded  area  filled  with 
polymer. 

Another  piece  of  Information  provided  by  Table  XIX  Is  the 
effect  of  metal  surface  treatment.  No  treatment  gave  scattered 
results  as  expected.  However,  when  the  surface  was  treated  the 
following  order  of  bond  strengths  was  produced,:  aqua  regia  etch> 
wire  buff>  phosphate  etch.  As  was  mentioned  before,  the  phosphate 
etch  seems  to  cause  degradation  of  the  polymer  if  heat  treated 
after  bonding.  The  result  Of  bonding  phosphate  etched  metal  with 
heat  treated  polymer  Is  not  known. 

Of  the  three  types  of  adhesives  studied  the  crossllnked 
polymer  and  the  heat  treated  polymer  appear  to  give  the  best 
results  at  room  temperature. 

An  attempt  was  made  to  heat  treat  bonded  samples  In  air  In 
a  muffle  furnace  at  425°C.  However,  apparently  due  to  the  creation 
of  cavities  during  the  melting  phase  of  the  treatment,  air  came 
Into  contact  with  the  bulk  of  the  polymer  and  degraded  It  result¬ 
ing  In  very  weak  bonds,  0-590  psl.  Therefore,  heat  treatment 
even  of  bonded  samples  should  be  conducted  In  an  Inert  atmosphere 
or  a  vacuum. 


III.  CONCLUSIONS 


The  following  are  the  conclusions  that  can  be  drawn  from 
our  data:  ; 

(1)  The  best  technique  devised  for  bis -(p-bromophenyl ) 
disulfide  synthesis  Is  the  reaction  of  bromine  with  thlophenol 
without  solvent. 

(2)  The  preferred  synthesis  of  monomer  Is  the  reaction  of 
copper  dust,  fresh  or  electrolytic,  with  a  50^  excess  of  bis- 
(p-bromophenyl )  disulfide  In  an  n-alkyl  alcohol  at  119-1^0°C 
under  pyridine  catalysis. 

(3)  Theipresence  of  air  does  not  seem  to  Influence  the 
result  of  polymerization  greatly  but  may  change  the  chemical 
nature  of  the  polymer  somewhat. 

(h)  Better  polymer  results  If  excess  bromine  Is  used  to 
make  bls-'^-bromophenyl )  disulfide. 

(5)  The  preferred  method  of  polymerization  Is  heating  of 
the  solid  monomer  at  200°C  under  an  Inert  atmosphere  with  agita¬ 
tion. 

(6)  Light  does  not  appear  to  catalyze  polymerization  but 
does  catalyze  monomer  formation. 

(7)  From  the  standpoint  of  ease  and  speed  of  handling, 
concentrated  hydrochloric  acid  extraction  Is  preferred  for  Iso¬ 
lation  and  purification  of  polymer  by  removal  of  cuprous  bromide . 
However,  If  a  "linear"  polymer  free  of  cuprous  bromide  is  desired, 
diphenyl  ether  extraction  Is  the  only  method  available. 

(8)  The  process  for  preparation  of  phenylene  sulfide 
polymer  can  be  scaled  up  to  a  pound  scale  with  little  difficulty 
except  for  a  heat  transfer  problem  which  occurs  during  polymer¬ 
ization. 

(9)  The  best  solvents  for  phenylene  sulfide  polymer  have 
boiling  points  In  excess  of  200°C  and  have  cohesive  energy  den¬ 
sities  of  90-100. 

(lO)  Melt  viscosity  and  solution  viscosity  can  be  related 
to  molecular  weight  by  the  relations: 

log  Mn  =  0.147  log  7^303  +  1=32 
log  Mn  ■=  2.35  log  +  3.47 
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(11)  In  order  to  exhibit  optimum  properties  the  polymer 
must  have  a  melt  viscosity  in  excess  of  1.3  x  lo3  poises. 

(12)  Phenylene  sulfide  polymer  appears  to  have  good  solvent 
resistance. 

(13)  Phenylene  sulfone  polymer  does  not  have  useful 
properties . 

(14)  The  stability  of  phenylene  sulfide  polymers  to  air 
at  4G0°C  Is  in  the  order  heat  treated  polymer > cuprous  bromide 
containing  polymer  >52^  sulfoxide  polymer  > chemically  crossllnked 
polymer linear  polymer.  At  300°C  no  degradation  occurs  up  to 

3  days  in  air. 

(15)  Cuprous  bromide  appears  to  inhibit  air  degradation 
of  phenylene  sulfide  polymer. 

(16)  Phenylene  sulfide  polymer  can  be  successfully  cross- 
linked  to  a  variety  of  crosslink  densities  by  bromlnation  followed 
by  treatment  with  an  alkali  metal  sulfide. 

(17)  Benzaldehyde  and  bis -(p-bromophenyl )  disulfide  appear 
to  be  useful  as  crosslinking  agents. 

(18)  Crosslinking  by  heat  treatment  appears  to  be  caused 
chiefly  by  radical  attack  of  carbon-sulfur  bond  cleavage  frag¬ 
ments  with  some  "biphenyl"  coupling, 

(19)  Heat  treatment  of  linear  or  crossllnked  polymer  at 
4CC°C  results  In  enhanced  polymer  properties  after  72  hours  Insplte 
of  a  25-4c^  weight  loss.  Further  heating  at  4CC°C  results  In  no 
change , 

(2C)  At  5CC°C  properties  are  enhanced  during  the  first 
few  hours  and  then  deteriorate  to  a  hrlck  dust  type  material  after 
24  hours . 

(21)  Five -ten  gram  samples  of  polymer  can  be  heat  treated 
in  a  vacuum. 

(22)  The  polymer  should  be  capable  of  melt  spinning  Into 

fibers . 

(23)  Laminates  can  be  made  from  phenylene  sulfide  polymer. 

(24)  Adhesive  bond  strengths  of  the  various  modifications 
of  phenylene  sulfide  polymer  that  have  been  obtained  are  linear 
2CC-162C  psl,  crossllnked  226-274C  psl,  and  heat  treated  186-236C 
psl.  Strengths  are  Improving. 
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(25)  Heat  treatment  above  350°C  In  air  Is  not  beneficial. 
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IV.  EXPERIMENTAL 


With  the  exception  of  those  preparations  given  in  detail 
below,  all  of  the  techniques  used  during  the  Investigations 
described  above  have  been  presented  in  the  annual  reports  on 
Phenylene  Sulfide  Polymers  WADD  TR-61-139  and  ASD-TDR -62-322, 


Monomer  Synthesis 

16 

Cuprous  p_-BromothlophenoXlde  .  A  mixture  was  made  up 
composed  of  128  g  (0.3^1  moles)  of bis -( p -bromophenyl )  disulfide , 
3^  g  (0.598  moles)  of  freshly  prepared  copper  dust  or  electrolytic 
copper  dust,  I.5  1.  of  n-butyl  alcohol,  and  5  ml  of  pyridine. 

This  was  placed  In  a  3  1.  three -necked  flask  fitted  with  a  reflux 
condenser  and  stirrer.  The  stirred  reaction  mixture  was  heated 
at  reflux  for  5«5  days.  Then  the  precipitate  was  filtered, 
washed  with  benzene,  and  dried  for  64  hours  at  8o°C  under  vacuum. 
Yield  was  150  g  or  99<'8^. 


Analysis 


C 

H 

Br 

.  Cu 

Calculated 

28.52^ 

2.01^ 

31.62^ 

25.14^ 

Found 

28.36^ 

1.72^ 

31.67^ 

24.25 

The  fresh 

copper  dust 

was  made  as 

follows : 

To  149 

(0.299  moles)  of  copper  sulfate  pentahydrate  In  one  liter  of 
water  was  slowly  added  4l  g  (O. 314  moles)  of  zinc  dust  with 
stirring.  After  15-20  minutes  10  ml  of  concentrated  hydrochloric 
acid  was  added  to  remove  any  excess  zinc.  The  mother  liquor  was 
decanted  off  and  the  residue  washed  with  water,  acetone,  and  then 
n-butyl  alcohol  decanting  off  the  liquid  each  time.  The  fresh 
copper  dust  still  wet  with  n-butyl  alcohol  was  then  added  to  the 
reaction  mixture  above. 


Polymerization 

Into  a  clean  dry  glass  ampoule  was  loaded  340  gms  of 
cuprous  p-bromothlophenoxlde.  The  ampoule  was  evacuated  and 
filled  with  argon  three  times  and  then  sealed.  Then  the  ampoule 
In  a  steel  jacket  was  placed  In  an  oven  at  200°C.  At  least  once 
every  24  hours  the  ampoule  was  removed  and  rotated  or  shaken  to 
mix  the  contents .  After  2  days  the  ampoule  was  cooled  and 
opened.  The  crude  polymer  was  taken  up  In  25  1.  of  diphenyl 
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ether  and  the  resultlng'mlxture  brought  to  a  boll.  When  boiling, 
the  mixture  was  suction  filtered  through  a  heated  buchner  funnel . 
The  filtrate  was  reheated  to  boiling  to  redlssolve  any  precipi¬ 
tate  and  poured  Into  75  1.  of  acetone  In  a  beaker  with  vigorous 
stirring.  The  precipitate  was  filtered  off,  washed  with  acetone, 
and  dried  overnight  at  125 °C  In  a  vacuum  oven.  Yield  was  ll6  gms 
or  84.2^,  M.P.  280-285°C. 


Analysis 


Calculated 

Infinite  D.P.  D.P.  =  75 

Pound 

c 

66.65  66.00 

66 . 10 

H 

3.73  3.69 

3.64 

S 

29,65  29.35 

29.20 

Br 

- -  1.00. 

1.09 

Cu 

- -  0.00 

0.00 

Chemical  Properties  of  the  Polymer 

Synthesis  of  Phenylene  Sulf one  Polymer.  To  2.5  gms 
(0.0232  mer  weights)  of  phenylene  sulfide  polymer  and  1  ml  of 
sulfuric  acid  In  75  nil  of  glacial  acetic  acid  at  75°C,  10  ml  of 
30^  hydrogen  peroxide  was  added  dropwlse  with  stirring  over  a 
one  hour  period.  After  the  addition  was  completed,  the  reaction 
mixture  was  stirred  5  hours  at  75°C.  Then  It  was  poured  Into 
300  ml  of  water  and  allowed  to  stand  for  several  hours.  The 
polymer  was  filtered  off  and  dried.  Yield  was  3-2  gms  or  98.9^ 
of  phenylene  sulf one  polymer  which  did  not  melt. 


Analysis  of  Sulf one 


C 

H 

S 

0 

Br 

Cu 


Calculated 

Found 

46.10 

58,76 

2.58 

3 . 40 

20.50 

21.75 

29.70 

15.09 

1.00 

1.00 

0.00 

0.00 

The  analysis  Indicates  a  51^  conversion  of  sulfide  to  sulf one 
linkages  using  a  procedure  known  to  give  sulfones  with  Macallum 
polymer. 
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Synthesis  of  Phenylene  Sulfoxide  Polymer,  To  5 <>000  gms 
(0.0463  mer  weights)  of  phenylene  sulfide  polymer  In  200  ml 
of  acetic  anhydride  at  0°C  was  added  dropwlse  with  stirring 
1.72  ml  (0.0356  moles)  of  nitric  acid  (70^)  In  50  ml  of  acetic 
anhydride.  The  resulting  mixture  was  stirred  48  hours  at  0-5°C. 
Then  It  was  poured  Into  Ice -water,  neutralized  with  sodium 
carbonate,  and  filtered.  Yield  was  4.90  gms  or  85.4^  of  phenylene 
sulfoxide  polymer,  M.P. , 286-290°C ,  Infrared  Indicates  no  sulfone 
or  sulfide  and  has  a  strong  sulfoxide  absorption  near  1050  cm“^ . 


Analysis  of  Sulfoxide 


Calculated  Pound 

C  56.45^  63.46^ 

H  3.15^  3.98^ 

s  25.10^  23.86^ 

0  12.52^  5.81^ 

Br  1,60^  1.62^ 

Cu  1.26^  1,27^ 


The  analysis  Indicates  a  46^  conversion , of  sulfide  to  sulfoxide 
linkages. 


Crosslinking  Studies 

Bromlnatlon  of  Linear  Phenylene  Sulfide  Polymer^^^ 

2.009  g  (0.0186  mer  weights)  of  linear  phenylene  sulfide  polymer 
(diphenyl  ether  soluble)  (M.P.  265-270°C)  w'as  added  10  ml  (0.195 
moles)  of  bromine.  The -reagents  were  allowed  to  stand  overnight. 
Then  the  excess  bromine  was  evaporated  off.  Yield  was  4,99  gms 
(M.P.  300-310°C),  a  weight  Increase  Indicating  the  addition  of 
about  two  bromine  atoms  per  repeating  unit.  Elemental  analysis 
showed  It  to  be  actually  1.67  bromine  atoms  per  repeating  unit 
(52.8^  bromine). 

The  above  process  was  repeated  using  1.57  g  (0.0146  mer 
weights)  of  polymer  and  0.075  ml  (0.00146  moles)  of  bromine. 

This  resulted  In  the  Introduction  of  O.096  bromine  atoms  per 
repeating  unit  or  one  In  ten  repeating  units  as  shown  by  the 
weight  gain  and  elemental  analysis.  Yield  was  I.69  g  (M.P. 
267-276°C)  (6.6^  bromine). 

Crosslinking  Bromlnated  Polymer.  The  bromlnated  polymer 
Is  Intimately  mixed  with  an  amount  of  Na2S«5H20  equivalent  to 
the  bromine  in  the  polymer.  This  would  be  1.15  gms  for  each 
10  gms  of  polymer  with  one  bromine  In  9«5  repeating  units.  The 
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pr.'  . 


mixture  iB  then  heated  for  10-15  hours  at  300°C.  This  process 
can  he  carried  out  as  a  curing  process  in  the  preparation  of 
adhesive  bonds . 

The  use  of ■ 100^  excess  of  the  Na2S*5H20  over  that  which 
is  required  has  been  found  to  enhance  the  strength  of  adhesive 
bonds  made  by  this  method.  Potassium  sulfide  has  been  found  to 
give  results  superior  to  the  sodium  salt  for  adhesive  purposes. 


Analysis  of  Chemically  Crosslinked  Polymer 


Calculated 

Pound 

(1.5-S  per 

(l-S,  30-0  x-link 

repeating  unit) 

per  12  repeating  units) 

c 

46 .60 

61.60 

61.92 

H 

1.63 

3.15 

3.18 

S 

51.70 

29.60 

29.26 

Cu 

0.00 

0.00 

0.00 

Br 

0.00 

5.64 

5.64 

The  0-0  crosslinks  may  have  arisen  through  an  oxidation  reduction 
reaction  Involving  the  sodium  sulfide  and  the  aryl  bromide  groups 

Benzaldehyde .  To  1.00  gms  (0.0093  mer  weights)  of 
phenylene  sulfide  polymer  in  a  250  ml  round  bottom  flask  was 
added  0.1  ml  of  benzaldehyde.  After  thorough  mixing,  the  result¬ 
ing  mixture  was  heated  to  150°C  and  kept  at  this  temperature  for 
92  hours.  The  resulting  Crosslinked  polymer  only  partially 
melted  (less  than  35^)  from  200-300°C.  On  molding  between 
aluminum  pans  at  300°C,  It  appeared  to  adhere  well.  The  polymer 
appears  to  have  a  slightly  non-uniform  crosslink  density  result¬ 
ing  In  the  partial  melting  observed. 


Analysis  of  Benzaldehyde  Crosslinked  Polymer 


Calculated 

Pound 

c 

62.08 

'62.18 

H 

3.23 

3.56 

s 

28.00 

27.71 

0 

3.34 

3.15 

Cu 

0,25 

0.25 

Br 

3.15 

3.15 
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Heat  Treatment 


A  1.4249  gm  sample  of  linear  phenylene  sulfide  polymer 
was  weighed  out  Into  a  10  ml  beaker.  This  was  placed  In  a 
tube  and  capped  with  a  top  containing  gas  Inlet  and  outlet  tubes. 
The  pyrolysis  tube  described  above  was  then  connected  to  an  argon 
tank  and  flushed  with  argon  for  30  seconds  at  a  rapid  flow  rate. 
Then  the  flow  rate  was  reduced  to  1-2  bubbles  per  second  In  a 
bubbler  tube.  The  pyrolysis  tube  was  then  Immersed  In  a  stirred 
bath  at  400°C  such  that  the  beaker  In  the  tube  was  below  the 
surface  of  the  bath.  After  the  designated  time  Interval,  In  this 
case  3  days,  the  tube  was  removed  from  the  bath  and  allowed  to 
cool.  -  Once  cool  the  argon  flow  was  stopped  and  the  sample 
rewelghed.  Yield  was  1.046o  gms  or  a  weight  loss  of  26.6^.  The 
black  glassy  material  after  being  cut  away  from  the  smashed 
beaker  did  not  melt  and  was  Insoluble  in  diphenyl  ether.  Its 
thin  film  properties  using  the  number  value  system  on  page  38 
was  flexibility  and  toughness  6,  and  adherence  5.  The  films 
were  also  transparent. 


Analysis 


Calculated 

Sulfur  crosslink  per 
repeating  units) 

Found 

c 

63.70^ 

63 . 86^ 

H 

3.27^ 

3.22^ 

S 

33olO^ 

32o99^ 

Br 

0 . 02^ 

0.01^ 

Cu 

<0.02^ 

i0.02^ 

Applications 

Studies 

Procedure  for  Preparing  Adhesive  Test  Samples.  The  metal 
bars  0.062"  X  1"  x  4"  were  first  washed  In  methyl  ethyl  ketone. 
Then  they  were  scoured  with  water  and  scouring  powder.  After 
rinsing,  the  bars  were  Immersed  about  2  Inches  deep  In  the  etch 
bath.  The  etch  conditions  were  2  minutes  and  90°C  for  phosphate 
etch  and  2  minutes  and  room  temperature  for  aqua  regia.  Then  the 
bars  were  removed,  rinsed  thoroughly  with  distilled  water,  and 
dried  10  minutes  at  110°C  and  25  mm  Hg.  The  polymer  was  placed 
between  the  dried  bars  so  that  a  half  Inch  overlap  would  occur 
and  the  sample  was  then  placed  In  a  press  at  300°C  to  form  the’ 
bond.  For  linear  and  heat  treated  material  the  samples  remained 
In  the  press  for  15-20  minutes  at  5,000  lbs.  pressure  for  linear 
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and  35^000  for  heat  treated.  For  crosslinking,  the  bromlnated 
polymer  and  metal  sulfide  remained  at  300°C  and  5^000  lbs.  for 
•  15  hours , 


Samples 

The  following  samples  were  sent  to  Wright -Patterson  Air 
Force  Base,  Ohio. 

Properties 


M.P. 

,T'303  ^ 

DPO  Sol, 

Polymer 

Quantity 

(°c) 

(poises ) 

(^) 

Linear-Film 

<1 

gm 

280-285 

7  X  10 

100 

(Film) 

Heat  Treated 

gm 

;>6oo 

•M  M  M 

1  Ti  U 

72  hrs-400°C 1 

d  0 

cd  S  <1 

gm 

>600 

- -  ■" 

rs  H 

Chemically 

HO  ✓  T 

•HO,  ' 

gm 

^4oo 

— 

Crossllnked^  , 

Heat  Treated 

3  samples 

>600 

^  ^  ^ 

72  hrs-400°C 
Glass-  cloth 
laminate 

Linear-  1  sample  262-265  1.5  x  10^  100  I.185 

Glass  plate 
laminate 

Heat  Treated  1  sample  >600  -  — ^  - 

72  hrs-400°C 
Glass  plate 
laminate 

Linear  225  gms  282-287  2  x  10^  85-90^  I.191 

Linear  225  gms  285-287  5  x  10^  86-88^ 

Sulfoxide  1.2  gms  280-288  2.4  x  10^ 

(40-50^) 
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